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ABSTRACT 
Listeria monocytogenes is a remarkable bacterium, as it is able to shift from 
a capable environmental saprophyte into a severe intracellular pathogen. As 
a strictly foodborne pathogen, L. monocytogenes poses a notable risk, 
particularly to those consumers among the risk groups for whom invasive 
listeriosis is potentially fatal. Furthermore, modern consumption habits and 
increasingly favoured ready-to-eat foods, often consumed without proper 
heating, increase the risk of acquiring the foodborne disease. The aim of this 
study was to investigate the genetic mechanisms conferring wide-ranging 
stress tolerance in L. monocytogenes. 
Two-component systems, comprising a sensor histidine kinase and a 
cognate response regulator, aid bacteria in sensing and adapting to changes 
in both surrounding environmental as well as intracellular conditions. The 
histidine kinases, in particular, have lacked comprehensive studies on their 
roles in the stress tolerance of L. monocytogenes. Thus, histidine kinases 
were studied by expressional analyses under cold conditions and by 
mutationally disrupting each histidine kinase-encoding gene in a parental 
model strain, L. monocytogenes EGD-e. The modified strains were 
individually challenged at high (42.5 qC) and low (3.0 qC) temperatures, high 
(9.4) and low (5.6) pH levels, and high salt (6% NaCl), ethanol (3.5 vol%) and 
hydrogen peroxide (5 mM) concentrations. Expressional studies and growth 
experiments on genetically modified strains proved lisK and yycG to 
respectively play central roles in the acclimation and immediate growth of 
L. monocytogenes at low temperatures. The most substantial increase in 
gene expression under cold conditions was that of the chemotaxis gene cheY 
with 236-fold upregulation at 3 qC. The disrupted ΔliaS strain displayed 
impaired growth in response to all the other stresses, particularly at a high 
temperature and under osmotic stress. These studies demonstrated the 
prominent importance of the histidine kinase-encoding genes yycG and lisK 
to cold tolerance and liaS, with roles in the growth of L. monocytogenes 
under multiple stresses. 
To shed light on the accessory genetic mechanisms that cause large strain 
variation in L. monocytogenes in withstanding heat treatments, heat 
resistance-conferring traits were further investigated by means of whole-
genome sequencing. Comparing the complete genomes of heat-resistant 
L. monocytogenes AT3E and -sensitive AL4E strains revealed the heat-
resistant strain to harbour a novel 58-kb plasmid, pLM58, which was absent 
in the sensitive strain. Furthermore, curing of the plasmid in AT3E produced 
a marked decrease in heat resistance from virtually no reduction to a 1.1 
cfu/ml log10 reduction at 55.0 qC. In pLM58, a 2,155-bp open reading frame 
annotated as an ATP-dependent ClpL protease-encoding gene was identified. 
Conjugation of the coding sequence and the putative promoter of the clpL 
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gene into a natively heat-sensitive L. monocytogenes 10403S strain, in turn, 
enhanced the survival of the strain from a 1.2 cfu/ml log10 reduction to a 0.4 
cfu/ml log10 reduction in heat challenge at 55.0 qC. In this study, we 
presented the first evidence of plasmid-mediated heat resistance in 
L. monocytogenes and identified the protease ClpL to be a novel plasmid-
borne heat-resistance mediator.  
The emerging resistance of L. monocytogenes to benzalkonium chloride, 
a quaternary ammonium compound widely used as a detergent in food-
processing facilities, is a significant concern for food safety and public health. 
The resistance of 392 L. monocytogenes isolates from Finland (n = 197) and 
Switzerland (n = 195) to benzalkonium chloride was assessed. A minimal 
inhibitory concentration of 20 μg/ml was defined. Altogether, 11.5% of the 
strains proved to be resistant to benzalkonium chloride. Serotype 1/2c 
harboured the highest prevalence, 32.4% (11/34), of benzalkonium chloride-
resistant strains, while in total, most of the resistant strains belonged to 
serotype 1/2a. Altogether, 68.9% of the resistant strains harboured at least 
one of the efflux pump system-encoding genes, bcrABC, emrE or qacH, 
known to confer benzalkonium chloride resistance in L. monocytogenes. We 
found resistant strains with partially or completely efflux pump-dependent 
benzalkonium chloride resistance, with the exception of the known 
resistance-mediating efflux pumps, suggesting the existence of other 
resistance-contributing efflux pump systems. The lacking of known efflux 
pump system-encoding genes in addition to efflux pump-independent 
benzalkonium chloride resistance, in turn, indicates the contribution of 
completely novel benzalkonium chloride resistance mechanisms.  
The aim of these studies was to shed light on the genes contributing to the 
versatile stress tolerance abilities and strain variation of the severe foodborne 
pathogen, L. monocytogenes. Knowledge of such traits may aid in developing 
targeted strategies and measures to identify and control the contamination 
and risks caused, in particular, by stress-tolerant L. monocytogenes strains. 
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1 INTRODUCTION 
The first plausible discovery of Listeria monocytogenes dates back to 1911 
when the Swedish veterinarian Gustav Hülphers described a bacterium 
isolated from the necrotic liver tissue of a rabbit and, accordingly, named his 
discovery Bacillus hepatis (Hülphers, 1911). However, the isolate itself was 
not preserved, and it was only after the discovery by Murray et al. (1926) that 
a detailed description of the bacterium was established, often designated the 
first report on L. monocytogenes. The bacterium was, at that time, named 
Bacterium monocytogenes due to it causing a characteristic proliferation of 
monocytes (Murray et al., 1926). In 1927, the bacterium was newly named as 
Listerella hepatolytica (Pirie, 1927), and in 1940 it finally received its present 
name, L. monocytogenes (Pirie, 1940), in honour of Lord Lister, the primus 
motor of antisepsis and hygienic surgical measures. 
Although L. monocytogenes was isolated from a human meningitis 
patient as early as in 1918 (Dumont and Cotoni, 1921), the first confirmed 
human listeriosis cases were reported a decade later (Nyfeldt, 1929). The 
foodborne nature of listeriosis was only explicitly recognised after distinct 
outbreaks in the 1980s (Schlech et al., 1983, Fleming et al., 1985, Linnan et 
al., 1988), although the association between foodstuffs and listeriosis was 
already conjectured in the 1950s and after (Potel, 1953, Gray, 1963). Since 
then, foodborne listeriosis outbreaks have unfortunately become 
commonplace, and as consumption habits evolve to favour ready-to-eat foods 
without proper heating, L. monocytogenes continues to be a notable food 
safety hazard. 
Besides being a foodborne pathogen, L. monocytogenes dwells 
ubiquitously in the environment, from soil and vegetation to water supplies 
and cultivated land. Indeed, it is characteristically able to shift from being an 
environmental saprophyte to an intracellular pathogen (Chaturongakul et al., 
2008, Cossart, 2011). Its versatile ability to endure and overcome stressful 
conditions plays a fundamental role in the transmission processes of the 
bacterium from the environment to the vehicle foods and feed and, 
ultimately, into the animal or human host. Notably, L. monocytogenes copes 
well with many of the stressors, such as refrigeration and acidic and osmotic 
conditions, that are frequently applied to limit the number of bacteria in 
food-processing environments and foodstuffs (Bucur et al., 2018). Thus, 
identifying the genetic mechanisms conferring this agile phenotypic stress 
tolerance is a pivotal step in understanding the survival strategies of the 
bacterium and, moreover, in controlling L. monocytogenes contamination 
along the food chain. 
Genetic research in bacteriology has undergone marked changes in the 
recent years, as study methods have evolved from traditional molecular 
techniques to the emergence of novel whole-genome sequencing-based 
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approaches (Read and Massey, 2014). Next-generation sequencing methods 
have facilitated the study of accessory genetic mechanisms and their role in 
conferring stress resistance between bacterial strains and populations. Both 
genomic and phenotypic comparisons in the model L. monocytogenes strains 
have demonstrated how strain variability may affect the observations that we 
make based on the in vitro studies performed on these strains and lead to 
discrepant results (Bécavin et al., 2014). High-throughput and genome-wide 
methods allow us to more efficiently acknowledge and take into account this 
strain variability and thereby avoid possible misconceptions in the 
interpretation of research findings due to naturally occurring differences 
between strains (Brul et al., 2012, Bécavin et al., 2014). 
Expressional analyses and mutational studies have enabled the role of 
many genetic mechanisms to be ascertained in the stress tolerance of 
L. monocytogenes, such as stress shock proteins and membrane transport 
systems (Gandhi and Chikindas, 2007). Whole-genome sequencing, in turn, 
has provided further new tools to process hundreds to thousands of strains 
simultaneously and to identify even larger sets of culprit stress tolerance and 
virulence genes (Read and Massey, 2014, Kachroo et al., 2019). However, 
many proteins encoded by unknown or putative genes still remain. Thus, the 
overall picture of the genetics underlying L. monocytogenes stress tolerance 
in foods and food-processing environments is anything but complete and 
warrants further investigations into the stress responses of the bacterium. 
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2 REVIEW OF THE LITERATURE 
2.1 Listeria spp. and Listeria monocytogenes 
2.1.1 Listeria spp.
Listeria spp. belong to the family Listeriaceae in the order Bacillales and 
class Bacilli of the phylum Firmicutes (McLauchlin and Rees, 2015). 
Currently, together with Listeria monocytogenes (sensu stricto) (Murray et 
al., 1926, Pirie, 1940), the validated Listeria species (McLauchlin and Rees, 
2015) include L. grayi (Larsen and Seeliger, 1966, Rocourt et al., 1992), 
L. innocua (Seeliger, 1984), L. ivanovii (Seeliger et al., 1984), L. seeligeri and 
L. welshimeri (Rocourt and Grimont, 1983). In addition, L. marthii (Graves 
et al., 2010) and the phylogenetically more divergent Listeria species 
L. rocourtiae (Leclercq et al., 2010), L. fleischmannii (Bertsch et al., 2013), 
and L. weihenstephanensis (Lang Halter et al., 2013) have been described.  
In recent years, several novel species have been isolated, including 
L. aquatica sp. nov., L. cornellensis sp. nov., L. floridensis sp. nov., 
L. grandensis sp. nov., L. riparia sp. nov. (den Bakker et al., 2014), 
L. booriae sp. nov. and L. newyorkensis sp. nov. (Weller et al., 2015). 
Additionally, subspecies L. ivanovii subsp. ivanovii and subsp. londoniensis 
have been designated within L. ivanovii (Boerlin et al., 1992), as well as 
subspecies L. fleischmannii subsp. fleischmannii and subsp. coloradonensis 
within L. fleischmannii (den Bakker et al., 2013). The formerly described 
L. murrayi (Welshimer and Meredith, 1971) has since been designated as a 
single species within L. grayi (Rocourt et al., 1992). 
2.1.2 Characteristics of L. monocytogenes 
L. monocytogenes is a Gram-positive, facultative anaerobic, short rod (0.4–
0.5 × 1–2 μm). It forms peritrichous flagella and manifests a characteristic 
tumbling motility at <30 qC. L. monocytogenes produces neither spores nor 
capsules, but it may develop filaments of ≥6 μm in length (Gray and 
Killinger, 1966, McLauchlin and Rees, 2015). It is β-haemolytic, catalase-
positive and oxidase-negative, and typically ferments rhamnose but not 
xylose (Roberts et al., 2006, McLauchlin and Rees, 2015). L. monocytogenes 
harbours a low average DNA G+C content (mol%) of 39% (Glaser et al., 
2001), varying from 36% to 42.5% (McLauchlin and Rees, 2015). 
L. monocytogenes isolates form a structured population, currently 
divided into four evolutionary lineages (Orsi et al., 2011, Tsai et al., 2011) 
(Table 1). The majority of L. monocytogenes strains belong to lineages I and 
II (Doumith et al., 2004), first described by Piffaretti et al. (1989). These 
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lineages are clearly distinguishable in regard to common sources and genetic 
characteristics, while lineages III and IV are comprised of more diverse 
strains.  
A clonal genetic structure has been proposed for L. monocytogenes, 
supported by virulence gene allelic analysis, ribotyping and extensive linkage 
disequilibrium (LD) within the virulence genes and certain lineage I and II 
electrophoretic types (ETs) (Piffaretti et al., 1989, Wiedmann et al., 1997). 
However, based on the diversity of housekeeping, virulence and stress 
response genes, Nightingale et al. (2005b) later reported that while lineage I 
is indeed highly clonal, isolates of lineage II display greater genetic diversity. 
Furthermore, through genome-wide analyses, recombination has been 
determined to occur more commonly in lineage II than lineage I isolates 
(Orsi et al., 2008). A high recombination rate could explain the diverse 
isolation sources of lineage II when compared to the seemingly more host-
adapted lineage I (Orsi et al., 2008). Besides atypical 4b serotypes (Roberts 
et al., 2006, Orsi et al., 2011), rhamnose-negative serotype 4c and 4a strains 
have been reported in lineages III and IV, respectively (Liu et al., 2006). 
Table 1. Summary of L. monocytogenes lineages and serotypes. 
Lineage Serotypes Genetic 
characteristics
Sources References
I 1/2b, 3b, 3c, 4b,
4d, 4e
Clonal Various sources, human 
isolates overrepresented
(Piffaretti et al., 1989, 
Bibb et al., 1990, 
Nadon et al., 2001, 
Ward et al., 2004)
II 1/2a, 1/2c, 3a,
3c
Recombinant Various sources, food-related 
and environmental isolates,
sporadic human isolates
(Piffaretti et al., 1989, 
Bibb et al., 1990, Ward 
et al., 2004)
III 4a, 4b (atypical),
4c
Diverse isolates, 
moderate
recombination 
rates
Predominantly animal origin,
rare human and food isolates
(Rasmussen et al.,
1995, Nadon et al.,
2001, Ward et al.,
2004, Nightingale et al.,
2005b, Roberts et al.,
2006)
IV 4a, 4b (atypical),
4c, 7
Few isolates to 
date
Few animal, human, and food 
isolates
(Roberts et al., 2006)
(IIIB); (Liu et al., 2006, 
Ward et al., 2008)
 
Typing 
L. monocytogenes strains are phenotypically categorised into 13 serotypes, 
when also including serotype 4ab, based on cell surface heat-stable somatic 
(O) and heat-labile flagellar (H) antigens (Seeliger and Höhne, 1979). In 
addition to serotyping, other conventional phenotypic methods, such as 
multilocus enzyme electrophoresis (MLEE) (Bibb et al., 1989, Piffaretti et al., 
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1989) and phage typing (Audurier et al., 1979, Rocourt et al., 1985), can be 
applied to type L. monocytogenes isolates. More novel, genotypic subtyping 
methods include amplified fragment length polymorphism (AFLP) (Vos et 
al., 1995, Keto-Timonen et al., 2003), pulsed-field gel electrophoresis 
(PFGE) (Ojeniyi et al., 1991, Ojeniyi et al., 1996, Katzav et al., 2006), PCR-
based randomly amplified polymorphic DNA (RAPD) (Mazurier and 
Wernars, 1992, Lawrence et al., 1993), restriction endonuclease analysis 
(REA) (Nocera et al., 1990, Ericsson et al., 1993), PCR-restriction fragment 
length polymorphism (RFLP) (Vines et al., 1992), ribotyping (Graves et al., 
1991, Graves et al., 1994) and DNA sequencing-based subtyping methods, 
such as multilocus sequence typing (MLST) (Salcedo et al., 2003, Haase et 
al., 2014, Moura et al., 2016), multiple-locus variable-number tandem repeat 
analysis (MLVA) (Keim et al., 2000, Murphy et al., 2007, Lindstedt et al., 
2008) and single nucleotide polymorphism (SNP) typing (Nelson et al., 
2004). Epidemic clones (ECs) consist of phenotypically and genotypically 
closely related epidemic-associated L. monocytogenes isolates, even though 
isolates of the same epidemic clone might cause outbreaks geographically or 
temporally distant from each other (Piffaretti et al., 1989, Kathariou, 2002). 
The first sequenced L. monocytogenes genome was that of the EGD-e strain 
(Glaser et al., 2001). Subsequently, whole-genome sequencing (WGS)-based 
approaches have become increasingly common typing methods in 
bacteriology (Salipante et al., 2015) and have facilitated large 
epidemiological outbreak investigations and surveillance of infectious 
diseases (Kwong et al., 2016, Revez et al., 2017, Schjørring et al., 2017, Allam 
et al., 2018).  
2.1.3 L. monocytogenes contamination 
L. monocytogenes is a ubiquitous saprophyte in the environment (Weis and 
Seeliger, 1975). It can be found in soil and vegetation, in water supplies and 
sewage, on feeding grounds, in animal and human faeces and in poorly 
prepared fodder (Weis and Seeliger, 1975, Husu et al., 1990a, Renterghem et 
al., 1991, MacGowan et al., 1994, Unnerstad et al., 2000, Pauly and Tham, 
2003, Lyautey et al., 2007a, Lyautey et al., 2007b). 
Besides being a saprophyte dwelling in the environment, 
L. monocytogenes has been isolated from numerous raw foods, with the 
highest prevalences reported in poultry (Miettinen et al., 2001, Rørvik et al., 
2003) and a somewhat more seldom occurrence in other raw meats and fish 
(Autio et al., 1999, Autio et al., 2000, Markkula et al., 2005). Although the 
total number of bacteria and Listeria spp. is generally fairly low in Finnish 
bulk tank milk (Ruusunen et al., 2013), L. monocytogenes has also been 
isolated in raw milk samples (Husu, 1990, Ruusunen et al., 2013, Castro et 
al., 2017). Epidemiological studies have implied faecal contamination to be a 
putative cause of the frequent dissemination of L. monocytogenes in tank 
milk and raw meat products (Skovgaard and Nørrung, 1989, Husu, 1990, 
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Husu et al., 1990b). A longitudinal study employing PFGE further indicated 
that L. monocytogenes contamination in tank milk may derive from udders 
or milking equipment (Castro et al., 2018). L. monocytogenes has also been 
isolated in food-processing plants, where certain subtypes have persisted 
over long periods of months to several years (Miettinen et al., 1999a, Vogel et 
al., 2001, Hoffman et al., 2003, Lundén et al., 2003b, Keto-Timonen et al., 
2007, Bērziņš et al., 2010, Almeida et al., 2013). L. monocytogenes is thus 
potentially a highly challenging contaminant in food-processing 
environments. 
The initial occurrence of L. monocytogenes in slaughterhouses and other 
food-processing premises in the production chain has frequently been 
indicated to derive from raw materials (Autio et al., 2000, Berrang et al., 
2002, Autio et al., 2004, Markkula et al., 2005). However, tracing 
L. monocytogenes strains with phenotypic or genetic molecular typing 
methods has revealed contamination of the final products originating from 
sources other than raw material (Rørvik et al., 1995, Autio et al., 1999) or not 
exclusively incriminating the raw material as a contamination source 
(Norton et al., 2001, Vogel et al., 2001). Continuous listerial contamination 
in a food-processing facility may result from persistent strains dwelling in the 
processing environment rather than repeatedly deriving from incoming raw 
materials (Hoffman et al., 2003). Recontamination of food products in the 
processing line after heating is a frequent source for the occurrence of 
L. monocytogenes in processed foods (Tompkin, 2002, Reij et al., 2004). 
This is of importance particularly concerning ready-to-eat (RTE) foods, 
which are often consumed without heating. 
2.2 Listeriosis 
Of Listeria spp., L. monocytogenes and L. ivanovii are considered 
pathogenic (Nyfeldt, 1929, Ivanov, 1962, Vazquez-Boland et al., 2001). 
L. monocytogenes is the predominant cause of listeriosis in both humans and 
animals, while L. ivanovii mainly leads to illness in ruminants (Ramage et 
al., 1999, Vazquez-Boland et al., 2001). Rare sporadic human cases caused by 
L. ivanovii, L. innocua and L. grayi have been reported, with predisposing 
factors and symptoms similar to those associated with L. monocytogenes 
(Cummins et al., 1994, Lessing et al., 1994, Perrin et al., 2003, Snapir et al., 
2006, Rapose et al., 2008, Guillet et al., 2010).  
2.2.1 Human listeriosis 
The incidence of reported human listeriosis cases in EU/EEA countries is 
approximately 0.6 and in the USA 0.3 sporadic cases per 100 000 population 
annually (Silk et al., 2012, CDC, 2013, ECDC, 2016). Even though invasive 
listeriosis is a fairly rare condition, it is a severe illness with an average case-
 18 
fatality rate of 20% to 30% (Fleming et al., 1985, Mylonakis et al., 1998, 
Mead et al., 1999, de Valk et al., 2005, CDC, 2013, Crim et al., 2014). In 
patients suffering from listerial meningitis, mortality of up to 36% has been 
reported (Koopmans et al., 2013).  
Listeriosis is likely to manifest as sporadic cases, but outbreaks have also 
been reported (Fleming et al., 1985, Linnan et al., 1988, McLauchlin, 1996, 
Lyytikäinen et al., 2000, Swaminathan and Gerner-Smidt, 2007, Angelo et 
al., 2017, Schjørring et al., 2017, Allam et al., 2018). Most (99%) of the 
listeriosis cases are foodborne (Schlech et al., 1983, Pinner et al., 1992, Mead 
et al., 1999, Swaminathan and Gerner-Smidt, 2007). However, aberrant 
transmission from animals to humans has been reported, mostly as localised 
infections among farmers and veterinarians (McLauchlin and Low, 1994, 
Regan et al., 2005). As most listeriosis cases are sporadic and the incidence 
is low, and due to the long incubation period of invasive listeriosis and the 
subsequent delay in diagnosis, the vehicle foods are often challenging to 
trace. However, a high risk of acquiring listeriosis is frequently attributable 
to RTE foods with prolonged shelf lives and consumed without proper 
heating (Schwartz et al., 1988, Pinner et al., 1992, Cartwright et al., 2013, 
Lopez-Valladares et al., 2018). In recent years, outbreaks have been linked to 
a varied range of such foods, including caramel apples (Angelo et al., 2017), 
ice cream products (Chen et al., 2017) and cold-smoked salmon (Schjørring 
et al., 2017).  
L. monocytogenes is a facultative intracellular pathogen (Cossart, 2011, 
Radoshevich and Cossart, 2018). The virulence genes essential for the 
intracellular lifecycle of the bacterium are clustered in the chromosomal 
Listeria pathogenicity islands (LIPIs) (Vázquez-Boland et al., 2001). 
L. monocytogenes enters the host via the gastrointestinal tract and, while in 
the intestine, may secrete the bacteriocin compound listeriolysin S (LLS) to 
restrict the growth of competing commensal bacteria in the host (Cotter et 
al., 2008, Quereda et al., 2016). L. monocytogenes is able to invade the 
intestinal barrier through junctions between mucus-producing goblet cells 
and enterocytes, via epithelial M cells in the Peyer’s patches, or through the 
tip of the intestinal villi where apoptotic epithelial cells extrude into the 
intestinal lumen (Jensen et al., 1998, Nikitas et al., 2011, Ribet and Cossart, 
2015, Radoshevich and Cossart, 2018). L. monocytogenes is able to infect 
both macrophages and nonphagocytic cells and, once intracellular, can 
spread while evading the hostile extracellular environment (Berche et al., 
1988, Cossart, 2011, Pizarro-Cerdá et al., 2012, Jones et al., 2015). After 
penetrating the intestinal barrier, L. monocytogenes transfers to the spleen 
and liver, where it is eliminated by the T-cell-mediated immune system and 
Kupffer cells (Ebe et al., 1999, Gregory and Liu, 2000, Pope et al., 2001, Shi 
et al., 2010, Blériot et al., 2015). However, in hosts with depressed cell-
mediated immunity, L. monocytogenes may spread into the circulatory 
system and cause bacteraemia. Furthermore, it may cross the blood–brain 
barrier or during pregnancy the placenta and, consequently, cause the 
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symptoms of invasive listeriosis (Mylonakis et al., 1998, Mylonakis et al., 
2002, Bakardjiev et al., 2006, Disson and Lecuit, 2012).  
High-risk groups for invasive listeriosis include neonates, the elderly and 
individuals immunocompromised due to comorbid malignant diseases, 
autoimmune disorders, organ transplantation, immunosuppressive 
medication or pregnancy (Goulet and Marchetti, 1996, Mylonakis et al., 
1998, Goulet et al., 2012, Silk et al., 2012). Invasive listeriosis manifests most 
commonly as bacteraemia or septicaemia, meningitis and 
meningoencephalitis. Less frequently, pneumonia, peritonitis and other focal 
infections may occur (Ericsson et al., 1997, López-Prieto et al., 2000, 
Schlech, 2000, Swaminathan and Gerner-Smidt, 2007, Aubin et al., 2016). 
During pregnancy, infection may lead to abortion or neonatal listeriosis, 
while pregnant women frequently display non-specific symptoms resembling 
influenza (Evans et al., 1985, Mylonakis et al., 2002, Vázquez-Boland et al., 
2017). Early-onset neonatal listeriosis derives from intrauterine infection. It 
can result in stillbirth or septicaemia and pneumonia in the infant within a 
few days after delivery. The rarer late-onset form is considered to derive from 
passage through the birth canal during labour. Meningitis, as the most 
common clinical presentation, occurs during a few weeks following delivery 
(Evans et al., 1985, Mylonakis et al., 2002, Sapuan et al., 2017, Vázquez-
Boland et al., 2017). 
 In healthy individuals, L. monocytogenes may cause a noninvasive 
infection presenting as febrile gastroenteritis (Salamina et al., 1996, Dalton 
et al., 1997, Miettinen et al., 1999b, Aureli et al., 2000, Frye et al., 2002, Ooi 
and Lorber, 2005, Jacks et al., 2016). Sporadic cases of localised eye and 
cutaneous infections have also been described, which are frequently, but not 
exclusively, acquired through direct exposure of the site of infection instead 
of foodborne transmission and haematogenous dissemination (Betriu et al., 
2001, Regan et al., 2005, Tay et al., 2008, Godshall et al., 2013).  
Invasive listeriosis usually presents a prolonged incubation period of 
approximately 20 to 30 days, but this may vary widely from one up to 70 
days (Linnan et al., 1988, Goulet et al., 2013). The minimum infectious dose 
of L. monocytogenes for either healthy or immunocompromised individuals 
is unclear, but the development of clinical illness appears to be dose-
dependent (Ooi and Lorber, 2005). Prolonged daily intake may further 
increase the risk (Maijala et al., 2001). In risk groups, L. monocytogenes 
levels of >102 cfu/g have caused invasive listeriosis (Ericsson et al., 1997, 
Maijala et al., 2001). In noninvasive listeriosis, the onset of symptoms is 
more rapid and usually takes place within a day or two after the ingestion of 
contaminated food, with a median of 18 to 31 hours (Salamina et al., 1996, 
Dalton et al., 1997, Miettinen et al., 1999b, Aureli et al., 2000, Frye et al., 
2002, Sim et al., 2002, Carrique-Mas et al., 2003). The infectious dose is 
usually markedly higher than that in invasive cases, approximately 105 to 
109 cfu/g, although inocula down to 3 u 101 cfu/g have been detected in a 
potential vehicle food of noninvasive gastroenteritis (Dalton et al., 1997, 
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Miettinen et al., 1999b, Aureli et al., 2000, Frye et al., 2002, Sim et al., 2002, 
Carrique-Mas et al., 2003). 
While L. monocytogenes strains isolated from food samples are most 
commonly serogroup 1/2 strains (Gilot et al., 1996, Gianfranceschi et al., 
2003), the most common serotypes causing listeriosis are 4b, 1/2a and 1/2b 
(McLauchlin, 1990, Gilot et al., 1996, Gianfranceschi et al., 2003, Pontello et 
al., 2012, Koopmans et al., 2013, Prieto et al., 2016): serotype 1/2a has been 
overrepresented in clinical cases in the Nordic countries (Lukinmaa et al., 
2003, Parihar et al., 2008, Lopez-Valladares et al., 2018), while 4b has been 
associated with high rates of hospitalisations and deaths particularly in 
North America (Pinner et al., 1992, Cartwright et al., 2013). Moreover, 
serotype 1/2a may gradually be outnumbering 4b as the most common 
serotype causing listeriosis worldwide, possibly due to its recurrent 
occurrence in increasingly favoured RTE foods (Lopez-Valladares et al., 
2018). However, based on putative associations between virulence and 
serotypes, McLauchlin (1990) suggested 4b to be more virulent than other 
serotypes. Ward et al. (2008) found by multilocus genotyping that mutations 
in inlA, leading to truncated InlA and decreased virulence, were exclusively 
harboured by serogroup 1/2 isolates, which may have explained the past 
overrepresentation of 4b isolates in listeriosis cases (Ward et al., 2008). 
Notably, the bacteriocin LLS, beneficial for the invasion process inside host 
intestines, has only been recognised among a subset of lineage I strains 
(Cotter et al., 2008, Quereda et al., 2016), possibly further explaining the 
differences in virulence between lineages and serotypes. In the WGS era, 
putative virulence loci, such as the Listeria pathogenicity island LIPI-4, have 
been recognised in particularly virulent clinical clonal complexes (CC) among 
lineage I, which could explain their tropism for the placenta and central 
nervous system (Maury et al., 2016, Radoshevich and Cossart, 2018). 
2.2.2 Animal listeriosis 
Among domestic animals, listeriosis mainly occurs in small ruminants and to 
a lesser extent in cattle, although nearly every domestic species is potentially 
susceptible to listeriosis (Nightingale et al., 2004, Lecuit, 2007). Rarely, 
pathogenic Listeria spp. has been isolated in livestock and wildlife species 
such as swine, horses, fish and birds (Lecuit, 2007). Besides 
L. monocytogenes, L. ivanovii is also pathogenic in animals (Gouin et al., 
1994, Chand and Sadana, 1999). As in humans, a number of outbreaks along 
with sporadic cases have been reported in animals (Wilesmith and Gitter, 
1986, Wiedmann et al., 1996, Chand and Sadana, 1999, Lecuit, 2007). 
The course of infection in animals is predominantly similar to that 
described in human listeriosis (Farber et al., 1991, Lecuit, 2007). Clinical 
listeriosis in bovine, ovine and caprine livestock most often manifests as 
septicaemia, meningoencephalitis or, in gravid individuals, abortion 
(Wilesmith and Gitter, 1986, Campero et al., 2002, Lecuit, 2007). 
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Septicaemic manifestation is usually seen in neonates. Rarely, ocular 
infections, mastitis and gastroenteritis have been reported (Lecuit, 2007). 
Clinically healthy animals may carry and shed the bacteria, and cattle in 
particular have been considered to transmit L. monocytogenes in the farm 
environment (Husu, 1990, Renterghem et al., 1991, Nightingale et al., 2004). 
Predisposing factors for animal listeriosis include contaminated feed, 
deficient housing and management practices, and poor animal health. 
Similarly to human infections, the most common source of animal listeriosis 
is poorly prepared feed, with spoiled silage most often indicated as a culprit 
of transmission in farm animals (Wilesmith and Gitter, 1986, Husu et al., 
1990a, Vázquez-Boland et al., 1992, Wiedmann et al., 1996, Nightingale et 
al., 2005a) Ruminants have also acquired infection through abrasions in the 
buccal mucosa followed by unilateral ascending neuritis along the trigeminal 
nerve (Braun et al., 2002). 
2.3 Plasmids in Listeria spp.
Plasmids, like other mobile genetic elements (MGEs), are capable of 
mediating genetic material between cells through horizontal gene transfer 
(HGT) (Frost et al., 2005, Rankin et al., 2011). HGT mechanisms include the 
uptake of free DNA from the environment via transformation, transduction 
conducted by bacteriophages, and conjugation, in which conjugative 
plasmids or integrative conjugative elements (ICEs) are transferred via a 
mating pair formation (Mpf) complex between two adjacent cells (Frost et 
al., 2005, Thomas and Nielsen, 2005, Goessweiner-Mohr et al., 2014). 
Natural competence, i.e. ability to uptake extracellular DNA via 
transformation, has not been detected in L. monocytogenes (Borezee et al., 
2000), while conjugation and transduction do occur.  
The plasmid DNA transport machinery is encoded by tra operons 
harboured by the plasmid itself. For a complete conjugative apparatus of self-
transmissible plasmids, the origin of transfer (oriT), relaxase, type IV 
coupling protein and the type IV secretion system (T4SS) are required. 
Mobilisable plasmids, in turn, utilise the T4SS of other co-resident 
conjugative plasmids in order to transmit via conjugation (Schröder and 
Lanka, 2005, Abajy et al., 2007, Smillie et al., 2010, Goessweiner-Mohr et 
al., 2014).  
Plasmids are most often circular, double-stranded DNA molecules, while 
some bacteria may harbour linear plasmids (Hayakawa et al., 1979, 
Hinnebusch and Tilly, 1993). Plasmids control their copy number 
independently. They are self-replicating entities, with circular plasmids 
applying theta or rolling-circle replication (del Solar et al., 1998, Slater et al., 
2008). Plasmids are classified into incompatibility groups (Inc) by 
replication control mechanisms and partitioning functions. Plasmids within 
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one Inc group cannot coexist in the same cell (Thomas and Smith, 1987, 
Frost et al., 2005).  
The presence of native plasmids in Listeria spp. was first described by 
Pérez-Díaz et al. (1982). Since then, a little over one-third of 
L. monocytogenes strains on average have been found to harbour plasmids, 
with isolation rates varying from 0% to 87% (Pérez-Díaz et al., 1982, Flamm 
et al., 1984, Fistrovici and Collins-Thompson, 1990, Lebrun et al., 1992, 
Peterkin et al., 1992, Dykes et al., 1994, McLauchlin et al., 1997, Margolles 
and de los Reyes-Gavilán, 1998, Fox et al., 2016, Hingston et al., 2017b). 
Infrequently, two nonidentical plasmids of similar or more divergent sizes 
have been found to coexist in a single Listeria spp. isolate (Kolstad et al., 
1991, Lebrun et al., 1992, Dykes et al., 1994, McLauchlin et al., 1997, 
Hingston et al., 2017b). 
L. monocytogenes plasmids are more often associated with lineage II than 
lineage I strains (Lebrun et al., 1992, McLauchlin et al., 1997, Margolles and 
de los Reyes-Gavilán, 1998, Orsi et al., 2011, Hingston et al., 2017b). Within 
serotype 1/2a, plasmids have more often been isolated from food-related 
strains compared to clinical ones, while in serotype 1/2c, plasmids seem to be 
more abundant in clinical isolates (Lebrun et al., 1992, McLauchlin et al., 
1997).  
L. monocytogenes plasmids are mosaics but share many highly 
homologous fragments (Kolstad et al., 1991, Canchaya et al., 2010, Gilmour 
et al., 2010). While a common replicon type has been recognised, suggesting 
a common ancestral origin, Kuenne et al. (2010) found that Listeria spp. 
plasmids can be divided into two distinct phylogenetic groups based on their 
repA-encoded replication initiation proteins. Of these, group 2 plasmids are 
larger and display more heterogeneity than group 1 (Kuenne et al., 2010, 
Hingston et al., 2017b). Comparative genetic analysis has revealed multiple 
phage defence systems to be found only among group 2 plasmids, suggesting 
a role for these plasmids in resisting phage infections (Kuenne et al., 2010). 
2.4 Two-component systems
Two-component signal transduction systems (TCSs) allow bacteria to 
rapidly sense and adapt to a varied range of stressors. The prototypical 
modular TCS consists of a periplasmic sensor histidine kinase (HK) and a 
cognate cytoplasmic response regulator (RR) (Fig. 1). HK protein harbours a 
variable N-terminal sensor (input) domain and a conserved C-terminal 
cytoplasmic kinase (transmitter) domain, linked by a transmembrane region 
with a variable number of segments spanning the cell membrane. Unlike 
membrane-bound HK sensors, some HKs are soluble cytoplasmic proteins, 
able to detect changes in the intracellular environment. The RR, in turn, is 
comprised of a conserved N-terminal regulatory (receiver) domain and a 
variable C-terminal effector (output) domain (Chang and Stewart, 1998, 
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Stock et al., 2000). The variable domains within HK and RR respectively 
reflect the need to detect a vast number of specific stimuli and to generate an 
appropriate response by the cell (Gao and Stock, 2009).  
The operation of TCSs is based on protein phosphorylation. In the direct 
phosphotransfer system, the sensor domain of the HK detects a stimulus, 
leading to ATP-dependent autophosphorylation at a specific histidine (His) 
residue, catalysed by the kinase domain. The cognate RR then catalyses the 
transfer of the phosphoryl group to its own aspartate (Asp) residue in the 
regulatory domain. Phosphorylation of the regulatory domain of the RR leads 
to activation of the effector domain and, finally, to an appropriate response 
to a particular stimulus. Predominantly, RRs function as DNA-binding 
transcription factors (West and Stock, 2001, Casino et al., 2010). More 
complex phosphorelays may employ multiple HK and RR proteins, hybrid 
HKs with both His and Asp residues, and His-containing phosphotransfer 
proteins (HPt) that act as an intermediary in phosphoryl group transmission 
(Appleby et al., 1996, West and Stock, 2001).  
 
 
 
Figure 1 Schematic representation of a prototypical two-component system (A) and a
phosphorelay with a hybrid histidine kinase and a His-containing phosphotransfer
(B). Modified from (Mitrophanov and Groisman, 2008).
The RR phosphorylation level defines the extent of the output response. 
Dephosphorylation of RR may be catalysed by its own autophosphatase 
activity or by bifunctional HKs, limiting the active state (Lois et al., 1993, 
Weiss et al., 2002). HK autophosphorylation and phosphotransfer activity 
are also potential signal transfer control steps (Casino et al., 2010). 
Besides signalling between cognate HK and RR, signal transduction may 
take place between noncognate partners. In branched signalling pathways, 
one HK may phosphorylate multiple RRs (one-to-many) or several HKs one 
RR (many-to-one) (Laub and Goulian, 2007, Goulian, 2010). An example of 
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such a branched pathway is the chemotaxis machinery with HK CheA 
phosphorylating the RRs CheB and CheY (Kirby, 2009). In Escherichia coli, 
cross-talk between HK PmrB and its cognate RR PmrA, as well as 
noncognate QseB, augments polymyxin B resistance (Guckes et al., 2017).  
TCSs are abundant in eubacteria and have also been identified, although 
less frequently, in archaea and eucaryotes, while being absent in animals and 
humans (West and Stock, 2001, Wuichet et al., 2010). An estimated 1% of the 
proteins encoded in eubacteria are comprised of TCSs (West and Stock 
2001). However, the number of TCSs varies greatly between bacterial species. 
In Synechochystis sp., 80 open reading frames (ORFs) encode TCS proteins 
(Mizuno et al., 1996), while the Mycoplasma genitalium genome harbours 
none (Mizuno, 1998). In the sequenced genome of L. monocytogenes EGD-e, 
16 TCSs have been identified (Glaser et al., 2001). Of these, 15 are complete 
signalling systems, while one, DegU, is an orphan RR lacking a cognate 
genetically linked HK (Williams et al., 2005a).  
2.5 Stress responses of L. monocytogenes 
L. monocytogenes surmounts many diverse and harsh stress conditions both 
in the environment and inside host organisms. While it displays optimal 
growth at temperatures from 30 qC to 37 qC (McLauchlin and Rees, 2015), it 
is able to both survive and grow over a wide temperature range from <0 qC to 
45 qC (Junttila et al., 1988, Walker et al., 1990, Hudson et al., 1994, 
McLauchlin and Rees, 2015). In a vacuum, growth has been detected down to 
–1.5 qC (Hudson et al., 1994). However, L. monocytogenes does not survive 
pasteurisation treatment at 60 qC for 30 minutes (McLauchlin and Rees, 
2015) nor at 72 qC for 15 seconds (Bradshaw et al., 1985). L. monocytogenes 
grows in a water activity down to 0.9 (Nolan et al., 1992) and in salt 
concentrations of up to 10% (w/v) (Simon, 1956, McLauchlin and Rees, 
2015). Combined with low temperature (5 ˚C), survival has been detected in 
18% NaCl (Cole et al., 1990). L. monocytogenes grows at a pH as high as 9.6 
(Simon, 1956, Gray and Killinger, 1966). Under acidic conditions, growth has 
been reported at pH 4.4 (George et al., 1988) and, combined with low 
temperature (5 qC), survival at a pH down to 4.2 has been observed (Cole et 
al., 1990). L. monocytogenes is a facultative anaerobic bacterium and thus 
able to grow under both aerobic and anaerobic conditions (Jydegaard-
Axelsen et al., 2005, McLauchlin and Rees, 2015). Consequently, 
refrigeration, vacuum packaging and preservation measures relying on a high 
salt concentration or extreme pH values are not sufficient to prevent the 
survival and growth of L. monocytogenes. If not killed by extreme stress, 
L. monocytogenes may either adjust to the stress conditions or, by means of 
flagellation, escape the harmful exposure by moving towards a more benign 
environment (Galsworthy et al., 1990, Wright et al., 2014). 
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2.5.1 General stress responses and stress tolerance mechanisms 
Low temperature 
L. monocytogenes is a psychrotrophic organism able to resist a cold milieu. 
Environmental bacteria may encounter low temperatures in their natural 
habitat, while foodborne pathogens also experience cold stress during the 
storage and refrigeration of vehicle foods. Temperature downshift has 
multiple direct and indirect impacts on bacteria, such as a loss of membrane 
fluidity and molecule solubility, slow nutrient transport and diffusion, 
increased RNA and DNA secondary structure stability, a decelerated lag 
phase and growth rate, and a restricted function of enzymes and other 
proteins, as well as direct protein damage (Beales, 2004, Tasara and 
Stephan, 2006, Chan and Wiedmann, 2009, Soni et al., 2011).  
L. monocytogenes is particularly capable of modulating its membrane 
lipids, which consist of an unusually high proportion of odd-numbered, iso 
and anteiso, branched-chain fatty acids (FAs) (Raines et al., 1968, Annous et 
al., 1997). In response to a decrease in temperature, multiple alterations in 
membrane lipid structure take place to allow the cell to maintain membrane 
fluidity and, consequently, to uphold vital functions in regard to enzyme 
activity and cross-membrane transportation (Beales, 2004, Tasara and 
Stephan, 2006, Chan and Wiedmann, 2009, Soni et al., 2011). One of the key 
changes is the increased relative proportion of C15:0 FAs and, in turn, a 
decrease in C17:0 (Püttmann et al., 1993, Russell et al., 1995, Annous et al., 
1997, Mastronicolis et al., 1998). As C15:0 outnumbers C17:0, the proportion of 
shorter FAs rises, which decreases the interaction between carbon chains, 
lowers their melting temperature, and thereby retains membrane fluidity 
(Russell et al., 1995, Beales, 2004). In addition, unsaturation due to a slight 
increase in C18:1 supports the fluid structure (Russell et al., 1995). Annous et 
al. (1997) stated the shift from iso to anteiso branching, particularly to 
anteiso-C15:0, to be of importance in the growth of L. monocytogenes at cold 
temperatures.  
In addition to physical changes within the cell membrane, 
L. monocytogenes is able to actively transport and accumulate compatible 
solutes from its environment into the cell and harness them as 
cryoprotectants without inhibiting other vital cellular functions (Wilkins et 
al., 1972, Tasara and Stephan, 2006, Chan and Wiedmann, 2009). Upon cold 
stress, the expression of the transporter-encoding genes and thereby the 
uptake of carnitine and glycine betaine is induced (Angelidis and Smith, 
2003, Wemekamp-Kamphuis et al., 2004a, Miladi et al., 2017). Carnitine is 
mainly transported into the cell by the OpuC transporter and glycine betaine 
by Gbu, and to a lesser extent by BetL (Angelidis and Smith, 2003). These 
compatible solutes markedly stimulate the growth of cold-stressed 
L. monocytogenes cells (Beumer et al., 1994, Ko et al., 1994, Wemekamp-
Kamphuis et al., 2004a). 
One of the key responses of psychrotrophic bacteria to low temperatures 
is the recruitment of cold shock proteins (Csps), synthesized upon an abrupt 
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decrease in temperature, and cold acclimation proteins (Caps), produced in 
balanced growth at cold temperatures (Hébraud and Potier, 1999). Bayles et 
al. (1996) recognised twelve Csps whose synthesis was induced in 
L. monocytogenes 10403S following a temperature downshift from 37 qC to 
5 qC. Four of these were also identified as Caps (Bayles et al., 1996). At 4 qC, 
the production of 32 proteins designated as Csps was induced ≥3-fold in 
L. monocytogenes EGD (Phan-Thanh and Gormon, 1995). Cold shock 
protein CspA, CspB and CspD-encoding genes were upregulated at 4 qC and, 
of these proteins, CspA proved to be required for the growth of 
L. monocytogenes at both 4 qC and 10 qC (Schmid et al., 2009). While a core 
set of 22 Cap-encoding genes was induced from the early lag to the late 
stationary phase, the cold-stress regulon of L. monocytogenes has been 
shown to be highly variable across different growth phases, implicating a 
growth phase-dependent response to low temperatures (Hingston et al., 
2017a). 
Besides Csps and Caps, induction of the expression and production of 
multiple genes and proteins, respectively, has been reported in 
L. monocytogenes upon temperature downshift, indicating diverse 
mechanisms contributing to cold tolerance (Liu et al., 2002, Chan et al., 
2007b, Cacace et al., 2010). Liu et al. (2002) detected 11 genes whose 
expression was induced at 10 qC. Among these, ferritin-like cold-adaptive 
response protein, encoded by flp, has been named both as Csp and Cap 
(Bayles et al., 1996, Hébraud and Guzzo, 2000). Other induced genes encode 
the general stress response proteins ClpB and ClpP and proteins involved in 
regulatory adaptive responses, alterations in the cell surface, and amino acid 
and degradative metabolism (Liu et al., 2002). Chan et al. (2007b) reported 
the upregulation of genes that encode lipid and carbohydrate metabolism, 
motility, transcription and translation-related proteins at 4 qC, further 
illustrating the versatility of cold stress responses. Altogether 105 and 170 
genes were ≥2-fold transcribed in log- and stationary-phase cells, 
respectively (Chan et al., 2007b).  Furthermore, several TCSs (reviewed in 
chapter 2.5.4) play an important role in sensing low temperature and 
mediating the cold stress response (Chan et al., 2007b, Chan et al., 2008). 
DEAD-box RNA helicases have a pivotal function in RNA metabolism and 
translation initiation (Chan and Wiedmann, 2009, Linder and Jankowsky, 
2011). The DEAD-box proteins Lmo0866, Lmo1450 and Lmo1722 play a role 
in the growth and motility of L. monocytogenes at low temperature (Chan et 
al., 2007b, Markkula et al., 2012b). Regarding motility and flagellation, 
flagellin-encoding flaA presented elevated transcript levels at 10 qC (Liu et 
al., 2002). The flhA and motA genes encoding the temperature-sensitive 
flagella synthesis proteins FlhA and MotA, respectively, contribute to the 
growth and motility of L. monocytogenes at 3 qC (Mattila et al., 2011).  
Alternative stress sigma factor VB, encoded by sigB, coordinates many 
stress responses in L. monocytogenes (Becker et al., 1998, Becker et al., 
2000, Kazmierczak et al., 2003, Raengpradub et al., 2008) and directly and 
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positively regulates over 140 genes (Raengpradub et al., 2008). The activity 
of VB is induced in stationary-phase cells upon temperature downshift 
(Becker et al., 2000). Deletion of sigB renders the cell unable to accumulate 
betaine and carnitine (Becker et al., 2000). Also, carnitine transporter-
encoding opuCA is at least partly VB-dependent (Chan et al., 2007a), further 
suggesting a role for VB in harnessing compatible solutes. On the other hand, 
the transcription of opuCA as well as of cold stress genes fri and oppA is 
independent of VB during cold stress at 4 qC (Chan et al., 2007a). Although 
supporting the cold stress response, it was further demonstrated that VB is 
not unequivocally essential for the growth of L. monocytogenes at 4 qC (Chan 
et al., 2007a).  
 
High temperature 
Although a psychrotrophic organism, L. monocytogenes tolerates fairly high 
temperatures, particularly as compared to other nonspore-forming 
foodborne pathogens, and may survive mild heat treatments (Doyle et al., 
1987, Doyle et al., 2001, van der Veen et al., 2007). Foodborne pathogens 
frequently encounter high temperatures during food processing. When 
subjected to heat reaching lethal temperatures, the DNA structure, 
ribosomes and ribosomal RNA degrade, the cytoplasmic membrane is 
damaged leading to the leakage of cellular components, and protein 
denaturation is initiated, resulting in metabolic malfunctions and reduced 
enzyme activity (Russell, 2003, Soni et al., 2011). Thus, to maintain cellular 
mechanisms and to survive high temperatures, cells need to preserve nucleic 
acid functions, repair membranes and produce new proteins while removing 
damaged ones (van der Veen et al., 2009, Soni et al., 2011). 
To overcome heat shock, L. monocytogenes harnesses two specific class I 
and III heat shock response mechanisms and a class II general stress 
response (van der Veen et al., 2007). Class I contains an operon of classical 
chaperon-encoding hrcA, grpE, dnaK, dnaJ, groEL and groES genes 
(Hanawa et al., 2000). The operon is negatively regulated by HrcA, which 
binds at a conserved inverted repeat element (Zuber and Schumann, 1994, 
Hanawa et al., 2000, Hu et al., 2007a). Class III heat shock proteins (Hsps) 
are comprised of Clp ATPases that function as ATP-dependent proteases, 
breaking down damaged and misfolded proteins, and as chaperons, aiding in 
protein folding (Wawrzynow et al., 1996). Class III genes are negatively 
regulated by the transcriptional repressor CtsR (Derré et al., 1999, Nair et al., 
2000, Hu et al., 2007b). Besides stress tolerance, the chromosomally 
encoded ClpC, ClpP and ClpE class III Hsps are involved in the virulence of 
L. monocytogenes (Nair et al., 2000, Rouquette et al., 1996). Class II, 
positively regulated by VB, is comprised of diverse genes including 
listeriolysin positive regulatory protein-encoding prfA and general stress 
protein-encoding ctc (Benson and Haldenwang, 1993, van der Veen et al., 
2007). Despite the positive regulation of class II by VB, heat stress resistance 
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in L. monocytogenes seems to be at least partly independent of VB alone 
(Ferreira et al., 2001).  
Marked overlap has been detected within HrcA, CtsR and VB regulons, 
demonstrating a large regulatory network contributing to heat stress 
tolerance in L. monocytogenes (Hu et al., 2007a, Hu et al., 2007b, 
Raengpradub et al., 2008, Chaturongakul et al., 2011). Five genes were 
identified to be coregulated by all three regulators (Hu et al., 2007a), and VB 
was detected to coregulate 25 and 21 genes with CtsR and HrcA, respectively 
(Chaturongakul et al., 2011). In addition, VB contributes to the positive 
regulation of HrcA-encoding hrcA (Hu et al., 2007a).  
 
pH stress 
L. monocytogenes encounters low pH throughout the food chain and within 
hosts: in silage, in fermented and other low-pH foods, during gastric passage 
in a host and inside macrophages upon phagocytosis (Beauregard et al., 
1997, Ryser et al., 1997, Cotter et al., 2001a, Cotter et al., 2001b, Cotter and 
Hill, 2003). Alkaline conditions are commonly encountered in contact with 
detergents, but also upon pancreatic secretion in the host small intestine 
(Giotis et al., 2007a, Soni et al., 2011). 
Acid stress reduces the growth rate and yield (Cheroutre-Vialette et al., 
1998, Bowman et al., 2012). Weak organic acids are more harmful to 
bacterial cells compared to strong acids. They are membrane-permeable in 
their undissociated form and, once intracellular, weak acids dissociate, 
release a proton and directly acidify the intracellular space. Strong acids 
nevertheless lower the external pH and damage enzymes and, as proton 
permeability is induced due to a high gradient, strong acids may also 
ultimately acidify the cytoplasm, albeit less drastically than weak acids 
(Phan-Thanh et al., 2000, Cotter and Hill, 2003, Beales, 2004). Alkaline 
conditions, in turn, disturb cell division and growth, elongate listerial cells 
and damage cell membranes, leading to the leakage of intracellular 
components (Zilberstein et al., 1984, Sampathkumar et al., 2003, Giotis et 
al., 2007a). 
Upon pH stress, bacterial cells need to maintain pH homeostasis: proton 
extrusion under acidic and inward transport of protons under alkaline 
conditions (Zilberstein et al., 1984, Shabala et al., 2002, Krulwich et al., 
2011). Transient failure of pH control may precede the reestablishment of the 
intracellular pH (Zilberstein et al., 1984). Besides alterations in transport 
and metabolic functions, surmounting both high and low pH involves 
structural changes in cell composition (Krulwich et al., 2011). In 
L. monocytogenes, the proportion of anteiso FAs increases at an alkaline pH, 
while the opposite takes place under acidic conditions (Giotis et al., 2007b). 
The proportion of iso and anteiso forms is putatively of more importance in 
pH adaptation than changes in the saturation of FAs (Giotis et al., 2007b).  
Membrane transport functions are pivotal in maintaining intracellular pH 
homeostasis in L. monocytogenes, particularly under acid stress (Cotter and 
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Hill, 2003). As a facultative anaerobic bacterium, L. monocytogenes may 
utilise both the active transport of protons, through a H+-linked electron 
transport system in the aerobic respiratory chain, and transport via H+-
ATPase molecules, including F0F1-ATPase, which use energy anaerobically 
derived from ATP hydrolysis (Cotter et al., 2000, Shabala et al., 2002). To 
maintain the intracellular pH under acidic conditions, L. monocytogenes 
employs the glutamate decarboxylase system (GAD), encoded by gadA, gadB 
and gadC (Cotter et al., 2001a, Cotter et al., 2001b). Another GAD and an 
additional antiporter is encoded by gadD and gadE, respectively 
(Wemekamp-Kamphuis et al., 2004b). GAD consumes intracytoplasmic 
protons by producing J-aminobutyrate (GABA) from extracellular glutamate, 
hence elevating the cytoplasmic pH (Small and Waterman, 1998). GABA is 
then released, and the substitution of glutamate with GABA outside the cell 
will also slightly alkalinise the extracellular environment (Small and 
Waterman, 1998). In addition to GAD, L. monocytogenes harbours a 
functional arginine deiminase system (ADI), encoded by arcA, arcB, arcC 
and arcD, also playing a role in the acid tolerance of L. monocytogenes 
(Ryan et al., 2009). The VB mutant displays impaired resistance of 
L. monocytogenes to acid stress, indicating the importance of VB in 
surmounting acidic conditions (Wiedmann et al., 1998, Ferreira et al., 2001, 
Wemekamp-Kamphuis et al., 2004b). Furthermore, the expression of the 
gadCB operon and ADI system is regulated by VB (Kazmierczak et al., 2003, 
Wemekamp-Kamphuis et al., 2004b, Ryan et al., 2009). During acid 
adaptation at pH 5.5 and acid stress at pH 3.5, the synthesis of 37 and 47 
proteins, respectively, was induced ≥2-fold as compared to a neutral pH of 
7.2 (Phan-Thanh and Mahouin, 1999). The number of proteins may reflect 
the increasing effort to maintain intracytoplasmic pH homeostasis under 
harshening acid stress (Phan-Thanh and Mahouin, 1999). 
While the exact mechanisms allowing L. monocytogenes to tolerate high 
pH levels remain fairly obscure, upon alkali stress, L. monocytogenes 
appears to strive at diminishing excess alkalisation and energy outlay whilst 
mobilising carbon sources (Giotis et al., 2008b). Transcriptional profiles 
were found to differ between abrupt alkali shock and alkali adaptation (Giotis 
et al., 2010). Giotis et al. (2008b) found the synthesis of 45 proteins to be 
induced ≥1.5-fold upon alkali adaptation, including DnaK and GroEL (Giotis 
et al., 2008b). Alkali stress seems to mimic phosphate starvation in 
L. monocytogenes, and phosphate uptake and utilisation appears to be 
revised upon alkali exposure (Giotis et al., 2008b).  
 
Osmotic stress 
Foodborne pathogens frequently encounter osmotic stress due to high salt 
concentrations, as sodium chloride is commonly used as a food preservative 
and flavour additive. Desiccation and accumulating osmotically active 
substances leads to a decrease in water activity (aw), the water quantity 
available to bacterial cells (Gutierrez et al., 1995, Beales, 2004). 
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Consequently, the cytoplasmic volume decreases and cells begin to lose their 
intracellular turgor pressure, cellular functions deteriorate, and bacterial 
growth decelerates (Csonka, 1989, Cheroutre-Vialette et al., 1998, Beales, 
2004). Bacteria resist these changes through osmoadaptation (Galinski, 
1995, Gutierrez et al., 1995).  
Under osmotic stress, listerial cells try to maintain the proper lipid bilayer 
of their cell membrane by increasing the proportion of anionic lipids, 
particularly diphosphatidylglycerol (Russell et al., 1995). Furthermore, cells 
restore their internal turgor pressure by accumulating from their 
environment the same compatible solutes, glycine betaine and carnitine, as 
under cold conditions (Csonka, 1989, Patchett et al., 1992, Gutierrez et al., 
1995, Bayles and Wilkinson, 2000). The compatible solutes stabilise 
intracellular enzymes (Russell et al., 1995) and potentially hydrate the 
protein surfaces, stabilising proteins and preventing their misfolding (Kempf 
and Bremer, 1998). They also induce the growth of L. monocytogenes upon 
osmotic stress and aw decrease (Beumer et al., 1994, Bayles and Wilkinson, 
2000). In 4% NaCl, a 200-fold increase in the transportation rate of glycine 
betaine has been reported (Ko et al., 1994), and associated loci are 
upregulated even under milder osmotic stress (1.2% NaCl) (Bae et al., 2012). 
Proline also serves as an osmolyte in L. monocytogenes (Sleator et al., 2001). 
Besides free amino acids, peptides aid in maintaining the cell turgor and 
thereby contribute to osmotolerance (Amezaga et al., 1995). While proline 
only mediates osmotolerance at high concentrations (10 mM) (Beumer et al., 
1994), as a peptide, it confers osmoprotection even as a mild (1 mM) solution 
(Amezaga et al., 1995).  
Upon osmotic stress, Duché et al. (2002) detected six rapidly induced 
(<30 min) salt shock proteins (Ssps) and eleven salt acclimation proteins 
(Saps) that are more slowly induced (60–90 min) but maintain the induced 
level for a prolonged period (Duché et al., 2002a). The Ssps included heat 
shock protein DnaK, general stress response protein Ctc, and proteins 
involved in general metabolism (Duché et al., 2002a, Duché et al., 2002b). 
Glycine betaine transporter Gbu was induced later during the adaptational 
phase (Duché et al., 2002a). Ctc is putatively involved in osmotolerance, 
regardless of osmoprotectants, as glycine betaine is able to ameliorate the 
detrimental osmotic effects similarly in both the wild type and ctc mutant 
(Gardan et al., 2003).  
VB also regulates multiple stress response genes in the osmotolerance of 
L. monocytogenes (Becker et al., 1998, Kazmierczak et al., 2003, Abram et 
al., 2008, Ribeiro et al., 2014). The osmotic induction of carnitine 
transporter-encoding opuC is VB-dependent (Fraser et al., 2003), and the 
absence of VB also diminishes the uptake of betaine, suggesting VB to play a 
role in osmolyte transportation upon osmotic stress in L. monocytogenes 
(Becker et al., 1998). In response to salt stress, VB represses the transcription 
of flagellar protein-encoding genes, indicating an indirect impact on motility 
and chemotaxis (Raengpradub et al., 2008). Although chemotaxis allows 
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bacterial movement to more favourable surroundings, flagellar synthesis is 
an energy-consuming process, and downregulation of flagellar genes may be 
a means for bacterial cells to allot energy to more crucial mechanisms needed 
to surmount osmotic stress (Hingston et al., 2015). Additionally, genes 
encoding RNA helicases (Markkula et al., 2012a) and TCSs (Kallipolitis and 
Ingmer, 2001) are involved in the growth of L. monocytogenes under 
osmotic stress. 
Ethanol stress 
Foodborne bacteria frequently encounter high ethanol concentrations during 
sanitation and preservation processes and in some food products. While 
Gram-negative bacteria seem to be fairly susceptible to ethanol, Gram-
positives and particularly lactic acid bacteria survive markedly high ethanol 
concentrations (Ingram, 1976, Gold et al., 1992, Silveira et al., 2004, van 
Bokhorst-van de Veen et al., 2011). Lactobacilli can grow in 10% ethanol and 
intermediate growth of some strains has even been observed in 16% (Gold et 
al., 1992). In L. monocytogenes, a 5% ethanol concentration seems to inhibit 
growth (Oh and Marshall, 1993). Ethanol may also augment the lethal effects 
of concomitantly administered acids and salt on L. monocytogenes, possibly 
associated with cell membrane damage (Barker and Park, 2001). 
Ethanol increases membranous permeability in bacterial cells, both by 
altering the aqueous environment and by impairing the hydrophobic 
membrane core barrier. Being freely permeable through the cell membrane, 
ethanol affects not only enzymes on cell surfaces and within membranes but 
also in the cytoplasm (Ingram, 1990). Ethanol hampers protein folding and 
macromolecular interactions, consequently inhibiting membrane protein 
synthesis and decelerating cell growth (Ingram, 1990, Seydlová et al., 2012). 
Growth inhibition also emanates from the fluidising effect of ethanol on lipid 
bilayers, which may further lead to a compensatory increase in membrane 
rigidity (Dombek and Ingram, 1984, Huffer et al., 2011, Seydlová et al., 
2012). Commonly, an increase in saturated and unbranched FAs within the 
cell membrane occurs upon ethanol stress (Huffer et al., 2011). In 
Bacillus subtilis, ethanol exposure and adaptation leads to the recruitment of 
molecular chaperones in order to restore phospholipid synthesis and 
membrane fluidity (Seydlová et al., 2012). 
The impacts of ethanol on microbial cells are thought to derive from 
mechanisms affecting hydrophobic associations and from the colligative 
impact rather than via specific receptors (Ingram, 1976, Ingram, 1990). 
However, it has been shown that ethanol induces the termination of Rho-
dependent transcription in E. coli and inhibits the mRNA synthesis and 
translation of nonstart AUG codons, indicating a significant impact on the 
transcriptional and translational functions upon ethanol stress (Haft et al., 
2014). Haft et al. (2014) further suggested that alterations in E. coli 
membranes upon ethanol exposure might partly be due to ethanol directly 
affecting ribosomes and RNA polymerases. 
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In addition to genes encoding proteins directly applied to coping with 
high ethanol concentrations, such as alcohol and aldehyde dehydrogenases 
YqhD and AldB, respectively (Soufi et al., 2015), many general stress 
response genes are induced upon ethanol stress. In B. subtilis, a promoter of 
extracytoplasmic function sigma factor VM was induced under ethanol stress 
(Thackray and Moir, 2003). In L. monocytogenes, RNA helicase Lmo0866 
and RNA-binding protein Hfq have been shown to play roles in ethanol 
tolerance (Christiansen et al., 2004, Markkula et al., 2012a). The expression 
of hfq was, furthermore, found to be VB-dependent upon ethanol stress 
(Christiansen et al., 2004).  
 
Oxidative stress 
L. monocytogenes cells experience oxidative stress both in the external 
environment and during intracellular host infection (Beckerman et al., 1993, 
Gorski et al., 2008, Soni et al., 2011). Reactive oxygen species (ROS), such as 
hydrogen peroxide (H2O2), are metabolic by-products but also derive from 
external chemical processes or are released by competing microorganisms as 
a defence mechanism (Mishra and Imlay, 2012, Imlay, 2015a, Imlay, 2015b). 
As very reactive agents, ROS damage enzymes, other proteins and nucleic 
acids, and are harmful to cell lipid membranes. Consequently, ROS sensing 
and detoxification and the induction of cellular repair mechanisms are 
pivotal in surmounting oxidative stress (Cabiscol et al., 2000, Imlay, 2002, 
Lee and Helmann, 2006, Mishra and Imlay, 2012, Imlay, 2015a). 
The predominant regulator of the oxidative stress response in Gram-
positive bacteria is PerR, a repressor of the oxidative response gene regulon 
(Chen et al., 1995, Imlay, 2015b). In B. subtilis, PerR regulates the expression 
of genes for catalase KatA, alkyl hydroperoxide reductase AhpCF, the heme 
synthesis operon HemAXCDBL, the zinc uptake system ZosA, the ferric 
uptake repressor Fur, and protective DNA-binding Dps encoded by mrgA 
(Chen et al., 1995, Helmann et al., 2003). PerR and Dps-like Fri also 
facilitate the oxidative stress response in L. monocytogenes (Dussurget et al., 
2005, Olsen et al., 2005, Rea et al., 2005). The PerR regulon in 
L. monocytogenes includes fri, fur, hemA, kat, trxB, lmo0641 and lmo1604 
(Rea et al., 2005). Of these, lmo0641 is the closest homolog of zosA in 
B. subtilis PerR-regulated genes, while lmo1604 displays 32% identity with 
ahpC, and fri 35% identity with mrgA (Rea et al., 2005), indicating a similar 
regulon to that described in B. subtilis. PerR senses peroxides by metal-
catalysed oxidation (Lee and Helmann, 2006). It responds to low levels of 
H2O2 when the metal-binding site of PerR is occupied by Fe(II) while being 
less sensitive to H2O2 when occupied by Mn(II) (Herbig and Helmann, 2001). 
Although PerR is a direct sensor of H2O2, perR undergoes little induction by 
H2O2 (Fuangthong et al., 2002). However, apart from perR and fur, other 
PerR regulon genes are induced by H2O2 (Fuangthong et al., 2002).  
Mutational analyses have revealed roles for superoxide dismutase, VB, and 
RNA helicase Lmo1450 in the viability of L. monocytogenes upon oxidative 
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stress (Ferreira et al., 2001, Archambaud et al., 2006, Markkula et al., 
2012a). Under cold conditions, elevated levels of transcripts and the 
induction of proteins involved in protection against oxidative stress, such as 
thioredoxin reductase-encoding trxB, ferritin-like flp, superoxide dismutase 
and catalase, have been detected, suggesting L. monocytogenes to undergo 
concomitant oxidative stress at low temperatures (Liu et al., 2002, Cacace et 
al., 2010).  
 
Benzalkonium chloride 
Benzalkonium chloride (BC) belongs to the group of quaternary ammonium 
compounds (QAC), cationic surfactants widely used as detergents for 
disinfection on both organic and abiotic surfaces (McDonnell and Russell, 
1999). The antimicrobial attributes of QACs are proposed to be based on the 
generalised disruption of cytoplasmic cell membranes, followed by a loss of 
structural integrity, degradation of proteins and nucleic acids and leakage of 
intracellular matrix, as well as cell wall lysis (Denyer, 1995, McDonnell and 
Russell, 1999). BC has also been shown to inhibit biofilm formation (Houari 
and Di Martino, 2007). 
Repeated exposure to sublethal concentrations of detergents and 
disinfectants may result in emerging resistance of bacterial strains to these 
compounds (Lundén et al., 2003a, Houari and Di Martino, 2007). 
Concerningly, BC-resistant (BCr) strains of L. monocytogenes have been 
isolated from both food-processing environments (Mullapudi et al., 2008) 
and foodstuffs (Soumet et al., 2005), as well as clinical cases (Elhanafi et al., 
2010). Approximately 10% to 46% of L. monocytogenes isolates from 
foodstuffs and processing environments have been reported as BC-resistant 
(Aase et al., 2000, Mullapudi et al., 2008). However, it should be noted that 
the definition of BC resistance varies between studies. For instance, Aase et 
al. (2000) and Soumet et al. (2005) considered the strains with a minimal 
inhibitory concentration (MIC) of BC of more than 4 μg/ml and 7.5 μg/ml, 
respectively, to be BCr, while others have estimated a BC resistance threshold 
of ≥10 μg/ml (Mullapudi et al., 2008, Dutta et al., 2013, Jiang et al., 2016). 
Genes known to confer BC resistance in L. monocytogenes include the 
efflux pump systems-encoding bcrABC (Elhanafi et al., 2010), emrE 
(Gilmour et al., 2010, Kovacevic et al., 2016), and qacH on the transposon 
Tn6188 (Müller et al., 2013). While L. monocytogenes strains harbour BC 
resistance-mediating genes, such as bcrABC, on the chromosome (Dutta et 
al., 2013), plasmid-borne bcrABC has also been detected (Elhanafi et al., 
2010, Dutta et al., 2013, Jiang et al., 2016), indicating that BC resistance may 
be efficiently acquired and spread via horizontal gene transfer. The efflux 
pump MdrL-encoding mdrL, found to be both chromosomal and plasmid-
borne (Romanova et al., 2002), has been proposed at least with a partial role 
in the adaption of L. monocytogenes to BC (Mereghetti et al., 2000, 
Romanova et al., 2006). Previously, the chromosomal MdrL, negatively 
regulated by LadR, was shown to play a role in the survival of 
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L. monocytogenes at both lethal and sublethal BC concentrations (Jiang et 
al., 2019). 
 
Cross-adaptation
Exposure to certain stress conditions may enhance the tolerance of 
L. monocytogenes to subsequent exposure to the same or different stressors 
(Lou and Yousef, 1997, Lundén et al., 2003a, Skandamis et al., 2008, Soni et 
al., 2011). Cross-protection has potentially grave implications for food safety, 
as multiple stress conditions are often concurrently used in food processing 
to prevent bacterial growth. Under many stresses, preadaptation to sublethal 
stress increases resistance to more severe conditions of the same media. Acid 
adaptation has been widely shown to augment resistance in 
L. monocytogenes to subsequent exposure to a lethal acidic pH (Kroll and 
Patchett, 1992, Hill et al., 1995, O'Driscoll et al., 1996, Lou and Yousef, 1997, 
Phan-Thanh et al., 2000). Alkali-adapted cells, in turn, are more resistant to 
harsher alkaline stress (Giotis et al., 2008a). Adaptational augmentation in 
resistance has also been demonstrated under ethanol, oxidative (Lou and 
Yousef, 1997, Ferreira et al., 2001) and heat stresses (Shen et al., 2014). 
Reciprocal cross-protection under different stress conditions has been 
described in L. monocytogenes, as osmoadaptation has been found to 
increase acid resistance (Faleiro et al., 2003), while acid tolerance, in turn, 
provides cross-protection against osmotic shock (Phan-Thanh et al., 2000, 
Faleiro et al., 2003). Similarly, heat-adapted cells are more resistant to acid 
shock (Phan-Thanh et al., 2000), while acid adaptation leads to increased 
heat resistance (Farber and Pagotto, 1992, Phan-Thanh et al., 2000).  
Lou and Yousef (1997) revealed a complicated net of adaptational 
responses and cross-protection in L. monocytogenes. Resistance to lethal 
oxidative stress was enhanced by sublethal exposure to ethanol, acid, osmotic 
and heat stress. Additionally, survival under ethanol stress was increased by 
preceding acid and heat exposure, acid resistance improved following 
ethanol adaptation, and resistance to osmotic stress increased following 
preadaptation to ethanol and heat (Lou and Yousef, 1997). In addition to low 
temperature treatment providing cross-protection against mild osmotic 
stress, a prolonged duration of cold preadaptation was found to progressively 
enhance the survival of L. monocytogenes under subsequent osmotic stress 
(Pittman et al., 2014). Furthermore, acid- as well as alkali-adapted cells 
display enhanced resistance to heat, osmotic and alcohol stresses (Phan-
Thanh et al., 2000, Taormina and Beuchat, 2001, Giotis et al., 2008a). 
Extensive cross-protection under various stresses may be explained by the 
recruitment of many of the same response mechanisms and induction of the 
same proteins under different conditions. L. monocytogenes employs 
versatile genetic mechanisms and molecular determinants to 
comprehensively contend with stress conditions and to persist in and adapt 
to niche-specific environments. Particular stress survival islets (SSI) have 
been recognised to play roles under multiple suboptimal conditions: a self-
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regulating five-gene (lmo0444–lmo0448) stress survival islet, SSI-1, 
contributes to the growth of L. monocytogenes under acid and osmotic 
stresses (Ryan et al., 2010), while SSI-2, mainly harboured by sequence type 
121 (ST121) L. monocytogenes strains, has a role under alkaline and oxidative 
stresses (Harter et al., 2017). Survival under harsh stresses is energy-
consuming, and proteins involved in the ATP synthase chain and oxidative 
phosphorylation are thus commonly induced upon stress adaptation 
(Pittman et al., 2014). Bergholz et al. (2012) found 888 genes with 
temperature-dependent alterations in transcript levels during osmotic 
adaptation. Based on proteomic analysis, Pittman et al. (2014) identified 299 
differentially expressed proteins associated with the osmotic response of 
cold-adapted cells, pinpointing proteins putatively involved in cross-
protection. Amongst others, these included cell envelope proteins and 
proteins involved in metabolic pathways (Pittman et al., 2014). Regarding 
cellular processes, compatible solutes are needed for viability under both 
cold and osmotic stress (Bayles and Wilkinson, 2000). The alternative stress 
sigma factor VB and VB-regulated genes also play roles under multiple stresses 
(Bergholz et al., 2012). The expression of SSI-1 genes was shown to be 
regulated by VB (Ryan et al., 2010). Besides cold tolerance, cold shock 
proteins CspA, CspB and CspD contribute to some extent to osmotic and 
oxidative stress tolerance (Schmid et al., 2009, Loepfe et al., 2010). Many 
heat stress proteins mediate tolerance to other stresses, such as HtrA to 
osmotic, acid and oxidative stress (Wonderling et al., 2004, Stack et al., 
2005, Wilson et al., 2006) and DnaK and GroEL to alkaline stress (Giotis et 
al., 2008b). Phan-Thanh and Gormon (1995) also found six proteins to be 
induced by both heat and cold shock. 
2.5.2 Strain diversity in stress responses 
L. monocytogenes strains do not form a homogeneous population but vary in 
their phenotypic characteristics (Abee et al., 2016, Grad and Fortune, 2016). 
Certain lineages and serotypes display particular resistance or sensitivity to 
stresses frequently encountered along the food chain. Salt stress tolerance 
phenotypes vary according to lineage, as lineage I strains and III grow faster 
under osmotic stress than those of lineage II (Bergholz et al., 2010, Ribeiro 
and Destro, 2014). Higher transcript levels of VB-dependent gadD and CtsR-
dependent clpB were found in lineage I strains as compared to lineage II 
strains post-saline shock (Ringus et al., 2012). Serotype 4b isolates have 
proven to be more heat-sensitive than other serotypes (Lianou et al., 2006), 
while presenting a higher tolerance to low pH and high salt concentrations 
(van der Veen et al., 2008). However, under heat and acid stresses, death 
rates have also been shown to vary markedly between strains (Mackey et al., 
1990, Lianou et al., 2006). In the next-generation sequencing (NGS) era, 
serotypes 1/2a and 1/2b have presented on average more tolerant phenotypes 
under cold conditions than 4b and 1/2c (Hingston et al., 2017b). Strain-
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dependent behaviour is also seen in biofilm formation and in the growth of 
L. monocytogenes at low temperatures, low aw and in vacuum packaging 
(Barbosa et al., 1994, Barbosa et al., 1995, Begot et al., 1997, Nilsson et al., 
2011, Cordero et al., 2016). Differences in stress tolerance have also been 
associated with the isolation sources of L. monocytogenes isolates. Clinical 
strains seem to display greater resistance to acid and osmotic stresses than 
environmental and food-related strains (Dykes and Moorhead, 2000, 
Vialette et al., 2003). 
Besides strain variability, population heterogeneity, i.e. variability 
between single cells of a strain or in a population, describes the diverse stress 
tolerance of pathogenic bacteria and may have further implications for food 
safety (Lianou and Koutsoumanis, 2013, Abee et al., 2016, den Besten et al., 
2017). Heterogeneity may indeed benefit cell survival and thus be of 
advantage to L. monocytogenes under stressful conditions (Metselaar et al., 
2013). Furthermore, strain variability as well as population heterogeneity 
seem to increase along with harshening stress conditions (Francois et al., 
2006, Lianou and Koutsoumanis, 2013). Thus, in addition to unravelling 
specific traits rendering single strains tolerant, it is increasingly pivotal to 
comprehensively address strain variability in food hygiene research. 
2.5.3 Plasmid-mediated stress tolerance in L. monocytogenes 
Plasmids, like other MGEs, are profoundly self-seeking entities and are 
thought to essentially operate irrespective of the needs of their hosts (Rankin 
et al., 2011). Carrying a plasmid may be costly for the host cell due to the 
synthesis of proteins needed in plasmid replication and transmission. 
However, plasmids frequently harbour genes that may engender fitness in 
the host and may even benefit the neighbouring cells by degrading harmful 
compounds (Kado, 1998, Löfmark et al., 2008, Slater et al., 2008, Rankin et 
al., 2011). Plasmids may also provide their hosts with adaptive traits 
conferring enhanced antibiotic resistance or virulence (Poirel et al., 2007, 
Herrero et al., 2008, Périchon et al., 2008, Carattoli et al., 2010, Venturini et 
al., 2010). Intriguingly, conjugative natural antibiotic resistance plasmids 
have also been isolated in commensal organisms, suggesting a resistance 
gene reservoir that may not be affected by a decrease in antibiotic usage and 
the following alleviation of selective pressure (Yates et al., 2006). In 
L. monocytogenes, identical plasmids have been isolated from different 
geographic locations over significantly long time periods (Flamm et al., 1984, 
Hingston et al., 2017b), suggesting that these plasmids benefit their parental 
strains by improved resistance and survival: A conserved plasmid was found 
in four different strains isolated over a period of 12 years (Fox et al., 2016).   
Plasmids have been shown to confer tolerance of L. monocytogenes to 
stressors such as the disinfectant benzalkonium chloride (Elhanafi et al., 
2010, Rakic-Martinez et al., 2011, Katharios-Lanwermeyer et al., 2012, Jiang 
et al., 2016, Kremer et al., 2017, Zhang et al., 2018) and heavy metals 
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(Lebrun et al., 1994, McLauchlin et al., 1997, Rakic-Martinez et al., 2011, 
Katharios-Lanwermeyer et al., 2012). Hingston et al. (2017b) discovered the 
presence of plasmids to associate with enhanced acid tolerance and cold 
sensitivity of L. monocytogenes, and Zhang et al. (2018) reported pLMSZ08 
plasmid curing resulting in decreased salt stress tolerance. However, 
knowledge of plasmids mediating environmental stress tolerance is rather 
limited and should be broadened, given the grave implications it has for food 
safety.  
Plasmid-mediated antibiotic resistance, particularly to last-resort 
antibiotics, poses an emerging worldwide threat to both human and animal 
health (Liu et al., 2016, Bachiri et al., 2017). Concerningly, plasmids 
conferring resistance to antibiotics such as quinolones and the last-resort 
antibiotic colistin have been found in E. coli isolated from environmental 
samples (Jørgensen et al., 2017, Ranjbar and Farahani, 2017). In 
L. monocytogenes, naturally occurring plasmids were already associated 
with enhanced resistance to antibiotics such as chloramphenicol, 
erythromycin and other macrolides, lincosamides, streptomycin and 
tetracycline in the early 1990s (Poyart-Salmeron et al., 1990, Hadorn et al., 
1993). Thus, besides enhanced environmental fitness within bacteria, 
potential cotransfer of plasmid-borne stress resistance genes with genes 
conferring virulence and antibiotic resistance is of great concern (Herrero et 
al., 2008, Bojer et al., 2010, Gullberg et al., 2014, Fox et al., 2016). Plasmids 
may augment the ability of pathogenic hosts to occupy auxiliary niches, 
which creates further opportunities to infect new hosts. Conjugational 
transfer has been demonstrated not only between Listeria spp. strains 
(Katharios-Lanwermeyer et al., 2012, Korsak et al., 2019) but also to and 
from other species, such as Lactococcus spp. (Guglielmetti et al., 2009), 
Enterococcus spp., Staphylococcus spp. (Poyart-Salmeron et al., 1990) and 
Streptococcus spp. (Pérez-Díaz et al., 1982, Flamm et al., 1984, Poyart-
Salmeron et al., 1990), indicating naturally occurring inter-species horizontal 
gene transfer. 
2.5.4 Two-component systems in the stress responses of 
L. monocytogenes 
Signalling through TCSs is a fundamental means for bacteria to respond to 
and cope with versatile stresses. TCSs have been appointed a role among 
others in the cold tolerance and adaptation of Clostridium botulinum 
(Lindström et al., 2012, Derman et al., 2013, Dahlsten et al., 2014, Mascher 
et al., 2014) and B. subtilis (Aguilar et al., 2001), as well as B. subtilis heat 
tolerance (Takada et al., 2018), in the growth and motility of Yersinia 
pseudotuberculosis under cold conditions (Palonen et al., 2011), and in the 
osmotolerance of E. coli  (Nakashima et al., 1992, Cai and Inouye, 2002). In 
addition to environmental stresses, TCSs are of importance in antibiotic 
resistance and the survival of pathogenic bacteria during host infection 
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(Beier and Gross, 2006, Fernández et al., 2010, Altamirano-Silva et al., 2018, 
Cao et al., 2018). The exact physiological signal triggering the function of a 
particular TCS often remains obscure, but signal molecules such as nitrate, 
O2, K+ and Mg2+ have been recognised (Krell et al., 2010, Zschiedrich et al., 
2016). Specifically, changes in membrane fluidity and unsaturated FAs were 
recognised as the signals through which the TCS DesKR responds to cold 
stress in B. subtilis (Aguilar et al., 2001). 
TCSs with phenotypically confirmed roles in augmenting the tolerance of 
L. monocytogenes to environmental stress conditions closely related to food 
processing and hygiene are presented in Table 2. Besides heat tolerance, the 
orphan RR DegU (Lmo2515) is a pleiotropic temperature-responsive 
regulator needed for flagellar synthesis and motility and is also involved in 
biofilm formation and virulence (Knudsen et al., 2004, Williams et al., 
2005b, Gueriri et al., 2008). Intriguingly, DegU controls flagellar genes in an 
unphosphorylated state within the receiver domain (Mauder et al., 2008). 
CheYA (Lmo0691/Lmo0692) is needed for the characteristic swarming 
motility of L. monocytogenes (Flanary et al., 1999, Dons et al., 2004, 
Williams et al., 2005a). The agr quorum-sensing system of 
L. monocytogenes, including the TCS AgrCA (Lmo0050/Lmo0051), affects 
adherence on abiotic surfaces and therefore the early stages of biofilm 
formation (Rieu et al., 2007). LiaSR (Lmo1021/Lmo1022), LisRK 
(Lmo1377/Lmo1378) and CesRK (Lmo2422/Lmo2421) are involved in cell-
envelope stress and, accordingly, in the resistance of L. monocytogenes to 
cell wall-acting antibiotics, such as cephalosporins (Cotter et al., 2002, 
Kallipolitis et al., 2003, Gottschalk et al., 2008, Collins et al., 2012, Nielsen 
et al., 2012). For instance, LiaSR responds to cell-envelope stress by 
upregulating membrane-associated genes and remodelling the composition 
of the cytoplasmic membrane (Fritsch et al., 2011). Furthermore, LisRK 
controls the transcription of virulence gene htrA (Sleator and Hill, 2005). 
VirR (Lmo1745) regulates the modification of cell surface components and 
enhances cell invasion and virulence in L. monocytogenes (Mandin et al., 
2005). ResD (Lmo1948) confers resistance to pediocin, affects carbon source 
utilisation and controls respiration in L. monocytogenes (Larsen et al., 
2006). 
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Table 2. Two-component systems with phenotypically confirmed roles in enhancing the 
tolerance of L. monocytogenes to high and low temperatures, acid and alkali pH, 
and osmotic, ethanol and oxidative stresses.  
Two-component
system (HK/ RR) a
Stress 
condition
Phenotypic evidence b Reference
AgrA; Lmo0051 (RR) Osmotic Reduced growth of deletion mutant in 3% and 
5% NaCl (L)
(Garmyn et al., 2012)
YycF; Lmo0287 (RR) Cold Upregulated transcription at 4 qC (L, S) (Chan et al., 2007b)
Lmo1060 (RR) Cold Reduced growth of deletion mutant at 4 qC (L) (Chan et al., 2008)
Lmo1172 (RR) Cold Reduced growth of deletion mutant at 4 qC (L) (Chan et al., 2008)
LisK; Lmo1378 (HK) Acid Reduced growth of deletion mutant at pH 3.5 
(L)
(Cotter et al., 1999)
Osmotic Reduced growth of deletion mutant in 8% 
NaCl (L)
(Sleator and Hill, 2005)
LisR; Lmo1377 (RR) Acid Reduced growth of insertion mutant at pH
5.25 (lag-phase inoculum)
(Kallipolitis and Ingmer, 
2001)
Cold Reduced growth of deletion mutant at 4 qC (L) (Chan et al., 2008)
Heat Reduced growth of insertion mutant at 
43.5 qC (L, S)
(Kallipolitis and Ingmer, 
2001)
Oxidative Reduced growth of insertion mutant in 
0.025% H2O2 (L)
(Kallipolitis and Ingmer, 
2001)
VirR; Lmo1745 (RR) Ethanol Reduced growth of deletion mutant in 5% 
ethanol (L)
(Williams et al., 2005a)
ResD; Lmo1948 (RR) Ethanol Reduced growth of deletion mutant in 5% 
ethanol (L)
(Williams et al., 2005a)
CesR; Lmo2422 (RR) Heat Reduced growth of insertion mutant at 
43.5 qC (L, S)
(Kallipolitis and Ingmer, 
2001)
Osmotic Reduced growth of insertion mutant in 9% 
NaCl (L, S)
(Kallipolitis and Ingmer, 
2001)
PhoP; Lmo2501 (RR) Ethanol Reduced growth of deletion mutant in 5% 
ethanol (L)
(Williams et al., 2005a)
DegU; Lmo2515 (RR) Heat Reduced growth of deletion mutant at 44 qC
(L)
(Gueriri et al., 2008)
Ethanol Reduced growth of deletion mutant in 5% 
ethanol (L)
(Williams et al., 2005a)
KdpE; Lmo2678 (RR) Heat Reduced growth of insertion mutant at 
43.5 qC (L, S)
(Kallipolitis and Ingmer, 
2001)
Osmotic Reduced growth of insertion mutant in 2% 
and 9% NaCl (L, S)
(Kallipolitis and Ingmer, 
2001, Brøndsted et al.,
2003)
a HK, histidine kinase; RR, response regulator
b L, logarithmic growth phase; S, stationary growth phase 
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3 AIMS OF THE STUDY 
The aims of this study were to investigate the genetic mechanisms conferring 
stress tolerance in L. monocytogenes and to decipher strain diversity in 
L. monocytogenes stress resistance. 
 
The specific aims of this study were: 
1. To assess the role of two-component-system histidine kinases in 
the growth and stress tolerance of L. monocytogenes EGD-e at 
high and low temperatures, under acid, alkali and oxidative 
conditions, and in high salt and ethanol concentrations (I, II); 
 
2. To identify accessory genetic mechanisms and plasmid-borne 
genes conferring heat resistance in L. monocytogenes (III);  
 
3. To investigate strain variability and the occurrence of resistance-
conferring genes with respect to benzalkonium chloride resistance 
within 392 L. monocytogenes isolates of Finnish and Swiss origin 
(IV). 
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4 MATERIALS AND METHODS 
4.1 L. monocytogenes strains, isolates and plasmids (I–
IV) 
The sequenced L. monocytogenes EGD-e (Glaser et al., 2001) was used for 
genetic modifications of HKs (I, II), L. monocytogenes isolates AL4E and 
AT3E (Lundén et al., 2008) for plasmid-mediated heat resistance studies 
(III) and L. monocytogenes 10403S (Bishop and Hinrichs, 1987) for 
horizontal gene transfer experiments (III). The strains and plasmids used in 
studies I–III are presented in Table 3. A total of 392 L. monocytogenes 
isolates were selected for study IV from the culture collections of the 
Department of Food Hygiene and Environmental Health of the University of 
Helsinki, Finland (n = 197) and the Swiss National Reference Centre for 
Enteropathogenic Bacteria and Listeria, Switzerland (n = 195). The strains 
were of serotype 1/2a (n = 239), 1/2b (n = 44), 1/2c (n = 34), 3a (n = 5) and 
4b (n = 70) and isolated between the years 1975 and 2013 (IV).  
4.2 Typing (III, IV) 
4.2.1 Serotyping (III, IV) 
L. monocytogenes AL4E and AT3E and the 392 L. monocytogenes isolates 
were serotyped using the Listeria Antisera Set (Denka Seiken, Tokyo, Japan) 
including O- and H-factor antisera according to the manufacturer’s 
instructions (III, IV) and by using the Pasteur typing tool 
(http://bigsdb.pasteur.fr/perl/bigsdb/bigsdb.pl?db=pubmlst_listeria_seqde
f_public accessed 13 July 2017) (III).  
4.2.2 Multilocus sequence typing (III, IV) 
MLSTs of L. monocytogenes AL4E and AT3E were obtained from whole-
genome sequences by using the PasteurMLST typing tool (Haase et al., 2014, 
Moura et al., 2016) (III). MLSTs of BCr L. monocytogenes strains were 
defined by sequencing the PCR products of the seven housekeeping genes 
appointed to MLST typing (Ragon et al., 2008) (IV). 
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Table 3. Bacterial strains and plasmids used in studies I–III. 
Strain or plasmid Genotype or characteristic a Reference or source b
Listeria monocytogenes
EGD-e Wild-type strain, serotype 1/2a (Glaser et al., 2001)
AL4E Wild-type strain, serotype 1/2c (Lundén et al., 2008)
AT3E Wild-type strain, serotype 1/2c (Lundén et al., 2008)
10403S Wild-type strain, serotype 1/2a, streptomycin-resistant (Bishop and Hinrichs, 
1987)
Δlmo0050 In-frame deletion of the lmo0050 gene (1296 bp) with 1101 
nucleotides
I, II
Δlmo0288
(ΔyycG)
Disruption of the wild type with 1581 bp insertion including out-of-
frame deletion of the yycG gene (1833 bp) with 1682 nucleotides
I, II
Δlmo0692
(ΔcheA)
In-frame deletion of the cheA gene (1857 bp) with 1752 
nucleotides
I, II
Δlmo1021 In-frame deletion of the lmo1021 gene (1059 bp) with 930 
nucleotides
I, II
Δlmo1061 Out-of-frame deletion of the lmo1061 gene (1446 bp) with 1249 
nucleotides
I, II
Δlmo1173 Out-of-frame deletion of the lmo1173 gene (1458 bp) with 1078 
nucleotides
I, II
Δlmo1378 
(ΔlisK)
In-frame deletion of the lisK gene (1452 bp) with 1116 nucleotides I, II
Δlmo1508 In-frame deletion of the lmo1508 gene (1440 bp) with 1230 
nucleotides
I, II
Δlmo1741 In-frame deletion of the lmo1741 gene (1041 bp) with 786 
nucleotides
I, II
Δlmo1947 
(ΔresE)
In-frame deletion of the resE gene (1791 bp) with 1542 
nucleotides
I, II
Δlmo2011 In-frame deletion of the lmo2011 gene (1740 bp) with 1437 
nucleotides
I, II
Δlmo2421 
(ΔcesK)
In-frame deletion of the cesK gene (1143 bp) with 1020 
nucleotides
I, II
Δlmo2500
(ΔphoR)
In-frame deletion of the phoR gene (1776 bp) with 1641 
nucleotides
I, II
Δlmo2582 Out-of-frame deletion of the lmo2582 gene (1380 bp) with 1339 
nucleotides
I, II
Δlmo2679
(ΔkdpD)
In-frame deletion of the kdpD gene (2691 bp) with 2652 
nucleotides
I, II
ΔyycGc ΔyycG, tRNA Arg::pyycGc, complemented strain I
ΔlisKc ΔlisK, tRNA Arg::plisKc, complemented strain I
ΔagrCc Complemented strain, wild-type-like II
ΔliaSc Complemented strain, wild-type-like II
ΔvirSc Complemented strain, wild-type-like II
EGD-epPL2 EGD-e, tRNA Arg::pPL2 (Markkula et al., 2012b)
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Table 3. Continued
Strain or plasmid Genotype or characteristic a Reference or source b
ΔyycGpPL2 ΔyycG, tRNA Arg::pPL2 I
ΔlisKpPL2 ΔlisK, tRNA Arg::pPL2 I
AT3Epc AT3E strain, plasmid-cured III
10403SpclpL 10403S, tRNA Arg::pclpL III
10403SpPL2 10403S, tRNA Arg::pPL2 III
Escherichia coli
DH5α pMAD DH5α strain containing the shuttle vector plasmid pMAD (Mattila et al., 2011)
TOP10 Electrocompetent strain Invitrogen
NEB5α Electrocompetent strain New England Biolabs
NEB5α Chemically competent strain New England Biolabs
HB101 Conjugation donor containing the helper plasmid pRK24  CRBIP
Plasmid
pMAD Cloning shuttle integration vector plasmid (Arnaud et al., 2004)
pMAD- ΔyycG pMAD containing homologous region up- and downstream of 
EGD-e yycG
I
pMAD- ΔlisK pMAD containing homologous region up- and downstream of 
EGD-e lisK
I
pMAD- ΔagrCc pMAD containing coding sequence of EGD-e agrC II
pMAD- ΔliaSc pMAD containing coding sequence of EGD-e liaS II
pMAD- ΔvirSc pMAD containing coding sequence of EGD-e virS II
pPL2 Site-specific integration vector (Lauer et al., 2002)
pyycGc pPL2 containing  613 bp upstream nucleotides and the coding 
sequence of yycG
I
plisKc pPL2 containing 1443 bp upstream nucleotides, the coding 
sequence and downstream terminator sequence of lisK
I
pLM58 Plasmid, AT3E strain III
pclpL pPL2 containing 423 bp of upstream nucleotides and the
coding sequence of ATP-dependent protease clpL
III
a bp, base pairs; cds, coding sequence
b CRBIP, Biological Resource Centre of the Institut Pasteur
4.3 Growth conditions (I–IV) 
All the strains were preserved in vials with beads (I–III) or in brain–heart 
infusion (BHI) broth (Oxoid, Cheshire, England) supplemented with 20% 
glycerol (Sigma-Aldrich, St. Louis, MO, USA) (IV) at –80 qC. 
L. monocytogenes strains and isolates were routinely grown at 37 qC on 
blood, on tryptic soy (TS) agar or in TS broth (Oxoid), on BHI agar or in BHI 
broth (BD, Franklin Lakes, NJ, USA and Oxoid), on Mueller-Hinton (MH) 
agar or in MH broth (Oxoid) or on ALOA (Harlequin™ Listeria Chromogenic) 
agar (Labema, Helsinki, Finland). E. coli strains were grown on Luria-
Bertani (LB) agar or in LB broth (BD and Oxoid). Appropriate antibiotics 
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(Sigma-Aldrich), cadmium sulphate (3 CdSO4 · 8 H2O) (Merck, Darmstadt, 
Germany) and reserpine (Sigma-Aldrich) were added when needed.  
4.4 Transcriptional analyses (I) 
The transcription levels of each of the 15 HK-encoding genes in 
L. monocytogenes EGD-e were measured from total RNA extracted in the 
logarithmic growth phase (OD600, 0.7) at 3 qC and at 30 min, 3 h and 7 h 
post-cold shock at 5 qC. Each experiment was repeated three times. Prior to 
the RNA extraction, the cells were lysed with 25 mg/ml lysozyme and 250 
IU/ml mutanolysin (Sigma-Aldrich) in Tris-EDTA (Fluka Biochemica, Buchs, 
Switzerland) buffer in a 37 qC water bath for 30 min. 
4.4.1 Total RNA extraction (I) 
Total RNA was extracted by using the RNeasy Midi-kit (Qiagen, Venlo, the 
Netherlands). DNase treatment was performed by using the RNase-Free 
DNase set (Qiagen) and an additional DNase treatment by using the Ambion 
DNA-free kit (Ambion, Austin, TX, USA). The quantity of RNA was measured 
with a Nanodrop ND-1000 spectrophotometer (NanoDrop Technologies, 
Wilmington, DE, USA), and RNA integrity was verified by using an Agilent 
2100 Bioanalyzer (Agilent Technologies, Santa Clara, CA, USA). 
4.4.2 Real-time quantitative reverse transcription-PCR (I) 
Reverse transcription from 800 ng of each total-RNA sample into 
complementary DNA (cDNA) was performed using the DyNAmo cDNA 
Synthesis Kit (Thermo Fischer Scientific, Inc., Waltham, MA, USA) in 
duplicate reactions. An additional predenaturation at 65 qC for 5 min and an 
elongated cDNA synthesis step at 40 qC for 40 min were used. A control 
reaction lacking the reverse transcriptase enzyme (no-RT control) was 
performed for each RNA sample. For real-time quantitative PCR (qPCR), 
each cDNA sample was diluted 1:1000. qPCR reactions were performed in 
duplicate in a RotorGene qPCR 3000 device (Corbett Research, Sydney, 
Australia) with the DyNAmo Flash SYBR Green qPCR Kit (Thermo Fischer 
Scientific, Inc.). The relative expression levels of the target HK-encoding 
genes in the logarithmic growth phase at 3 qC and at 30 min, 3 h and 7 h 
post-cold shock at 5 qC were calibrated to their expression levels in the 
logarithmic growth phase at 37 qC and to t0 pre-shock, respectively, 
according to the Pfaffl method (Pfaffl, 2001). This method intrinsically 
includes the assay efficiencies, which for the target genes ranged from 0.88 
to 1.00 and for the reference was 0.82 (Table 4). The 16S rRNA-encoding 
gene rrn was used as an internal normalization reference (Tasara and 
Stephan, 2007). 
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Table 4. Primers used in studies I–IV. 
Application Primer Sequence (5’ to 3’) a, b, c Reference
Real-time reverse transcriptase quantitative PCR
0050 F AATCGCAGGTTTTGATGGA I
0050 R AGTTCGTTGGTTGCCGTATT I
0288 F AGCCCAAGCAATGACTGAAG I
0288 R CGTGTCCCCGATGTCTAAAA I
0692 F CGTCGTGAAAAATGCCAAG I
0692 R CTAAAATCGTTGCCCCAGAA I
1021 F ATGGCTGTTTGCTCAGGTTTA I
1021 R GAAATGGCAGTAAGCGGAAC I
1061 F3 TCGTAAAAGCAGGCGAAGC I
1061 R3 TCGTGCCGTCTACAACAGTC I
1173 F AAGAGGACGAGCAGGAATG I
1173 R CGCAATAAGGAAACAACAGA I
1378 F TGATGGGCAGAAGATGATGAC I
1378 R GGAAGTGAGCGGATTTACCA I
1508 F CTGCGGATGATAAGAAAAAG I
1508 R AGCACGATAGAACCGACA I
1741 F TCTCGTGCTGGGCTATTTCT I
1741 R GTTTCTTCGCCATTAGTTGGT I
1947 F GAACGGTGAAACTGGTGTTG I
1947 R ATGCGAGAAGAAAAGACGAAAG I
2011 F2 CAAATGGGTTATCTGCTCCTTTAC I
2011 R2 TGTTTCGTTGGATGGTTGG I
2421 F2 CCCAGCAAGCCAGAAATG I
2421 R2 AAAATGGATGTAAGTGGTGTCC I
2500 F TGGTAGAGGTGGACGAAG I
2500 R AATAGTAACGGATGGGATTG I
2582 F CAACTACTCACACTCGCTTCACTT I
2582 R CCAACTCCACTCGGTCATTT I
2679 F GCTAATGGGAGCGTTTGGT I
2679 R TGTGTGAGCGGACCTTCTTC I
16S rRNA 
Forward
GATGCATAGCCGACCTGAGA (Mattila et al.,
2011)
16S rRNA 
Reverse
CTCCGTCAGACTTTCGTCCA (Mattila et al.,
2011)
Mutant construction
0050-1 NNNNNNGGATCCTTATGGCTCAGACGGTATTCT I, II
0050-2 TCATCCCCATTCTTCTACATGGCACTTACAAAAACAATCA I, II
0050-3 TGATTGTTTTTGTAAGTGCCATGTAGAAGAATGGGGATGAA I, II
0050-4 NNNNNNACGCGTCCACACCTTTTGTCGTATCT I, II
0288-1 MluI NNNNNNACGCGTCTTGTAGTAGATGACGAAAAACC I, II
0288-2 CTAACCCTGTTCCTCCCATTGTAAGCGAAAATACCCAAAA I, II
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Table 4. Continued
Application Primer Sequence (5’ to 3’) a, b, c Reference
0288-3 TTTTGGGTATTTTCGCTTACAATGGGAGGAACAGGGTTAGG I, II
0288-4 NNNNNNACGCGTGCTTAGGAAAAGATTGCGTTTG I, II
0692-1 NNNNNNGGATCCCGTGAACAATCAATCCATCG I, II
0692-2 CTGAAAAAGCCGCCAAGTGTCATGCTATCCACCTCCATTTCT I, II
0692-3 AAATGGAGGTGGATAGCATGACACTTGGCGGCTTTTTCAG I, II
0692-4 NNNNNNACGCGTGCCTGTTTCCCTTTTTCCTC I, II
1021-1 MluI NNNNNNACGCGTCGTAAGGAGGTGTGTCAGC I, II
1021-2 TTATTTTGATGGTGCCGGAGCAAACAGCCATCATCAG I, II
1021-3 CTGATGATGGCTGTTTGCTCCGGCACCATCAAAATAA I, II
1021-4 NNNNNNACGCGTCACCAAATCGCCCAAGAC I, II
1061-1 MluI NNNNNNACGCGTAAAAAGAACAGTAGGAGGCAAA I, II
1061-2 ATAATAAACAACCCTAAACCAGAGCCGTAAAAAGTAAAATGA I, II
1061-3 ATTTTACTTTTTACGGCTCTGGTTTAGGGTTGTTTATTATTGC I, II
1061-4 NNNNNNACGCGTCGCTGTATTTTCTTTGTCATCTG I, II
1173-1 MluI NNNNNNACGCGTCGTGACAGGAATGAATGGAAG I, II
1173-2 ATGACCGTTGTCCGTTACTTTTTGGTTGTTTTTGGTGGTG I, II
1173-3 CACCACCAAAAACAACCAAAAAGTAACGGACAACGGTCAT I, II
1173-4 NNNNNNACGCGTATCAAACAGGGATAAGTTCG I, II
1378-1 MluI NNNNNNACGCGTAGCGGTTGCTAATGATGGAC I, II
1378-2 TCTGGCTTTATCTACACGGTGCAGTTCTTTTACTTCTGGTTCTTCT I, II
1378-3 ACCAGAAGTAAAAGAACTGCACCGTGTAGATAAAGCCAGAAGC I, II
1378-4 NNNNNNACGCGTCGAAAGAAGAACAAGCAACTATTC I, II
1508-1 MluI NNNNNNACGCGTAATGTAAGAGGAGTGAGAACAGAA I, II
1508-2 CCAATACCAGATTCGCCACAAGCAATGAGCAAAATGATAAA I, II
1508-3 ATCATTTTGCTCATTGCTTGTGGCGAATCTGGTATTGG I, II
1508-4 NNNNNNACGCGTACAGGGCGTCGTAAAGAAGT I, II
1741-1 MluI NNNNNNACGCGTGGTCAAAAACAACCCCGATA I, II
1741-2 CTCGTGCTGGGCTATTTCTGTGGCGTAGGAACAGAAGTGA I, II
1741-3 CACTTCTGTTCCTACGCCACAGAAATAGCCCAGCACGAGA I, II
1741-4 NNNNNNACGCGTAAGGCGGTAAGTTTGTTCCA I, II
1947-1 MluI NNNNNNACGCGTGCCCCGAAGATGAACGAATA I, II
1947-2 CAAAACAGCCAGTATCATCATGGAAGCACACAATGGAAAA I, II
1947-3 TTTTCCATTGTGTGCTTCCATGATGATACTGGCTGTTTTGTCT I, II
1947-4 NNNNNNACGCGTTTTGTCGTGAACTGAGGGAGT I, II
2011-1 MluI NNNNNNACGCGTGAAGTTTGTTCGGTTATTCCAA I, II
2011-2 CAATCTCCAAAGAGCGGAAGATACGAGCCACATCGGTCT I, II
2011-3 AGACCGATGTGGCTCGTATCTTCCGCTCTTTGGAGATTG I, II
2011-4 NNNNNNACGCGTGTGGGATTGTGTTTGGCTTT I, II
2421-1 NNNNNNGGATCCGAAAATCTCGCCTTGTTCA I, II
2421-2 GTTTCTTGGGTTTTGGCGTTTATCGTCAAACTGCCACTAAT I, II
2421-3 TAGTGGCAGTTTGACGATAAACGCCAAAACCCAAGAAAC I, II
2421-4 NNNNNNGAATTCGACTGGAAAGGACAATGAGTATGA I, II
2500-1 MluI NNNNNNACGCGTCATTCCGACAACCGCTACTC I, II
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Table 4. Continued
Application Primer Sequence (5’ to 3’) a, b, c Reference
2500-2 TATGGCTGAAAATCGGGTTTTCCATCGTCAAACATCTCG I, II
2500-3 CGAGATGTTTGACGATGGAAAACCCGATTTTCAGCCATA I, II
2500-4 NNNNNNACGCGTGCTTCTATTGTTACCTTGCTACA I, II
2582-1 NNNNNNACGCGTTCCCAGCCAACGAAAATAAC I, II
2582-2 AGTTGTCACGATGCTATCCGATTCACATTCCGTTT I, II
2582-3 AAACGGAATGTGAATCGACAAGCATCGTGACAACT I, II
2582-4 NNNNNNACGCGTGAGGCAAGTGATGGGGTAGA I, II
2679-1 NNNNNNACGCGTTTCTTCTGCCATCCGGTATC I, II
2679-2 ATGGAAACGAATCGTCCAAGCGGAGGAGATGGAAAATGAA I, II
2679-3 TTCATTTTCCATCTCCTCCGCTTGGACGATTCGTTTCCAT I, II
2679-4 NNNNNNACGCGTGCGTGCTTTATCCAGGTGTT I, II
Complementation and conjugation
Komp 0288F1 NNNNGGATCCGGTGCGGATGACTATGTAACG I
Komp oper 
0288R
NNNNTCTAGACCATTTTCTTTCCACTCAAACC I
Komp oper 
1378F2
NNNNGGATCCTTTGCTCGTTACATTTCTGC I
Komp oper 
1378R2
NNNNTCTAGATTATTCGTTTCCTTCACAGC I
BamHI clpL FN NNNNGGATCCAGTTTCAAAGGTCGTTCTGGC III
BamHI clpL RN NNNNGGATCCTCTATCAAGCAATCTCCTTCCC III
NC16 GTCAAAACATACGCTCTTATC (Lauer et al.,
2002)
PL95 ACATAATCAGTCCAAAGTAGATGC (Lauer et al.,
2002)
Small-scale sequencing
Seq 0050 1F ATGACAAGAATCGGACATTT I
Seq 0050 1R TTTTTACATACCTTTTGCCTGA I
Seq 0050 2F CGGAAAACACTAAAAAGAAAAGC I
Seq 0050 2R CCGTTCTTCTGCTTGCTTC I
Seq 0288 1F TTATGAAGGCAGGCCAGAAT I
Seq 0288 1R GGAATAGTGCGGACGTGAAT I
Seq 0288 2F CAGCCGAGGAAGAAGAAAAC I
Seq 0288 2R GTGAAATAAACCGAATGTAGCC I
Seq 0692 1F TTATCCGTTGCTGATGCTGA I
Seq 0692 1R TGCGTTTTCCTCCCTTTTAC I
Seq 0692 2F CGAGGGGCTTTTCTTTTGAT I
Seq 0692 2R GACCTTTTCCCGTTTGGATAG I
Seq 1021 1F GGAAGAAACATCCGACTAAAG I
Seq 1021 1R CGCATTTTCATCCGTTG I
Seq 1021 2F AAAGTTGGGCTTGTTGTTGC I
Seq 1021 2R TTTTTCTGGTTTAGCGGTTAGC I
Seq 1061 1F CGTTCGCTACTTGATGATG I
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Table 4. Continued
Application Primer Sequence (5’ to 3’) a, b, c Reference
Seq 1061 1R CCAGGGAGCATCATTTG I
Seq 1061 2F ATGCCGAGTATGGACGGGTA I
Seq 1061 2R ACCTTTTGATGCGGAACCTT I
Seq 1173 1F GCTCTTTTACTCTTTCGCTCAA I
Seq 1173 1R TGATTTTTCTTGTTTCACGGTCTAC I
Seq 1173 2F ACACGGAGAAAGCAAAAGGA I
Seq 1173 2R ACAACAAAATCCCCAGCAAA I
Seq 1378 1F TAACGAGTGGGTGCCTTTTT I
Seq 1378 1R TACAGATGGGTTTTTCAGCA I
Seq 1378 2F GCTAAACAAACAACGCTACAG I
Seq 1378 2R CGCCCGAACAAAAGAAA I
Seq 1508 1F TGGGGAGTTATGAAGAAAGTATGAA I
Seq 1508 1R TCCAAGTTTTAGCACCAATGT I
Seq 1508 2F TCCGTGAAGTAAGCGATGTG I
Seq 1508 2R TGTGATTATGCCGATTGTCC I
Seq 1741 1F AAGCAATAAACACGGCATCC I
Seq 1741 1R TTGAAAAATGGAGAAGTAGTCGT I
Seq 1741 2F AGTGTTGTTTTTGCCCCATC I
Seq 1741 2R TTGTTGCTGTTGGCGTTAGT I
Seq 1947 1F AACGAAAAGGTCTGCCAACA I
Seq 1947 1R TGATTTGATGATGCCTGGTAA I
Seq 1947 2F TTTACCATCCGCACCCAAT I
Seq 1947 2R AGAATCAGCAGGAGGCACAC I
Seq 2011 1F CGTTTTTGGTAGGCGATTAGAC I
Seq 2011 1R CTTAGTATGGCTTTTCCTCGTATT I
Seq 2011 2F GACGCTCTTCCCATTCTTCTT I
Seq 2011 2R ACGGTGTTTGTCCACTTCCA I
Seq 2421 1F ACAGTGCGGGACCATAATAAA I
Seq 2421 1R GATGACGATTGAAAGTGCTCA I
Seq 2421 2F GCATTTCCCTCCACCACTCT I
Seq 2421 2R CAAGGCTGAAGACAACGACA I
Seq 2500 1F TTTTCGTCTTTACCGCCAAC I
Seq 2500 1R AACAGCACTTTATGAGAATGAATC I
Seq 2500 2F TTTGTGCTTTAGGGTTAGTGTTTG I
Seq 2500 2R CCAAGAGAAGTAGTGGCGAGA I
Seq 2582 1F CATCCGAAACAGACAGCGTA I
Seq 2582 1R TACGCTGTCTGTTTCGGATG I
Seq 2582 2F AAAATTGGCAACCAAGAACG I
Seq 2582 2R TCATCTGTGCCCACTTCAAA I
Seq 2679 1F ATCAAGCGCTTCGAGTCAAT I
Seq 2679 1R ACACGAATATCCCGAAGCAC I
Seq 2679 2F TGCTGCGGCATATCAAGTAG I
Seq 2679 2R AAACGTTTGGCCAATTTCAG I
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Table 4. Continued
Application Primer Sequence (5’ to 3’) a, b, c Reference
Confirmation of plasmid curing
oriV-F GAACAAGCGATCCGTCATGC III
oriV-R TCGTTGCTAGGACTTGTCTGG III
clpL-F ACAGGCTCGTGATGGCTTAC III
clpL-R ACCGCGATATTGAGTTCCCG III
Plate mating
ESAT-6 F GCAATCAGTGGGAAGGACTG III
ESAT-6 R ATCCATCGCTTGTTTTCCTG III
secA-F ACTACTGCCAAAACATCGAAGC III
secA-R AAGACGCACTGGATTCCCTC III
Screening efflux pump systems
p1 CATTAGAAGCAGTCGCAAAGCA (Elhanafi et
al., 2010)
p2 GTTTTCGTGTCAGCAGATCTTTGA (Elhanafi et
al., 2010)
radC fwd CTTGCCAATGATAATATCATC (Müller et al.,
2013)
radC rev GTGGTCTGAATGCTCCATCG (Müller et al.,
2013)
EmrE fw GACCAACACCACCTAAGT IV
EmrE rv GTCTGATGGACTTACAAAGCT IV
a N, any of the bases, i.e., adenine (A), cytosine (C), guanine (G) or thymine (T).
b Restriction sites are underlined.
c Overlapping 5’-end extensions of splicing-by-overlap extension PCR are marked in italics.
4.5 Genetic modifications (I–III) 
In order to identify the role of HKs in the growth of L. monocytogenes EGD-e 
under different stresses, HK-encoding genes were deleted and restored (I, 
II). To assess the role of plasmid-borne ClpL protease in the heat resistance 
of L. monocytogenes, the plasmid-carrying AT3E strain was cured and the 
ClpL protease-encoding clpL gene introduced into heat-sensitive 
L. monocytogenes 10403S (III). 
4.5.1 Knock-out deletion (I, II)
HK-encoding genes were individually deleted in L. monocytogenes EGD-e by 
allelic replacement using a pMAD shuttle vector (Arnaud et al., 2004), 
resulting in mutants without an associated antibiotic resistance gene. Target 
gene-deficient inserts with 700 to 800 bp up- and downstream regions were 
built by using splicing-by-overlap extension (SOE) PCR (Warrens et al., 
1997). To construct the vector pMADΔtarget_gene, the inserts were 
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individually ligated between the MluI and BamHI or EcoRI sites of pMAD 
using T4 ligase (Thermo Fischer Scientific, Inc.). Propagated vectors were 
then separately electroporated (25 μF, 200 Ω, 2.3 kV) into L. monocytogenes 
EGD-e. Single-crossover mutants were selected at 39 qC with erythromycin 
(5 μg/ml) and double-crossovers without antibiotic. Deletions were 
confirmed by site-specific PCR and by sequencing the target regions 
(Institute of Biotechnology, University of Helsinki, Finland). Considering the 
putatively essential yycG gene, the mutational approach resulted in the 
disruption of the wild-type sequence of the lmo0288–lmo0290 operon with 
the target gene-deficient insert, while harbouring the yycG coding sequence 
upstream of the insert. The primers used in mutant construction, PCR and 
small-scale sequencing are presented in Table 4. 
4.5.2 Complementation (I, II) 
To verify stress-sensitive mutant phenotypes, the coding sequences of the 
target gene wild-type copy with the related upstream regions, including the 
putative promoters (I, II), and related genes in putative operons (Toledo-
Arana et al., 2009) (I) were transformed into the respective phenotypically 
affected mutant strains. Complementation was performed by using the PSA 
prophage site-specific integration vector pPL2, provided by Prof. Martin 
Loessner (Swiss Federal Institute of Technology, Zürich, Switzerland) 
according to Lauer et al. (2002) (I), or by allelic replacement without an 
integrated plasmid using the pMAD vector (Arnaud et al., 2004) (II). The 
amplified inserts were restricted with XbaI and BamHI and ligated into the 
compatible SpeI and BamHI sites of pPL2. The resultant plasmids were then 
conjugated into recipient L. monocytogenes strains according to Ma et al. 
(2011), and the strains carrying the pPL2 constructs were selected by 
chloramphenicol (25 μg/ml) on ALOA agar. Integration of pPL2 was verified 
by PCR using primers NC16 and PL95 (Lauer et al., 2002) and the presence 
of the insert by using gene-specific primers (Table 4) (I). When 
complementation was performed by allelic replacement, inserts were 
amplified using the outermost primers for mutant strain construction (Table 
4), ligated into the MluI site of pMAD, and transformed into recipient 
mutant strains according to Markkula et al. (2012b). Successful 
complementation was confirmed by PCR using gene-specific and outermost 
mutant construction primers (Table 4) (II). 
4.5.3 Plasmid curing (III) 
pLM58 plasmid curing in the heat-resistant L. monocytogenes AT3E was 
conducted using ten consecutive cultures at 40 qC for 24 h per incubation in 
TSB supplemented with 0.2 μg/ml novobiocin (Margolles and de los Reyes-
Gavilán, 1998). Inoculations (1:100) into fresh broth were conducted 
between each incubation and final cultures were plated on TSA containing 
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novobiocin. Removal of the plasmid was confirmed from purified colonies by 
PCR with the pLM58-specific primers oriV-F and oriV-R and clpL-F and 
clpL-R (Table 4). 
4.5.4 Plate mating (III) 
To examine whether pLM58, harboured by L. monocytogenes AT3E, is self-
transmissible, standard plate mating was conducted between 
L. monocytogenes wild-type AT3E and 10403S. The plasmid-borne cadAC
genes, also found in pLM58, confer cadmium resistance (McLauchlin et al., 
1997, Lebrun et al., 1994), which enables the exclusion of recipient cells that 
have not received pLM58. The innate streptomycin resistance of 10403S 
allows the selection of transconjugants from the donor (den Bakker et al., 
2012). Streptomycin-resistant 10403S, received from Prof. Martin 
Wiedmann, Cornell University, Ithaca, NY, USA, was routinely grown in BHI 
supplemented with 200 μg/ml streptomycin. Equal volumes (100 μl) of 
donor and recipient cells, grown to the logarithmic growth phase (OD600, 
0.5), were spotted on top of each other on BHI agar and incubated at room 
temperature for 1 h followed by incubation at 37 qC for 24 h. Transconjugants 
were screened on BHI containing 200 μg/ml streptomycin and 65 μg/ml or 
130 μg/ml cadmium sulphate (CdSO4). Colonies were screened by PCR using 
pLM58-specific oriV primers, and genomic AT3E ESAT-6 and 10403S secA 
primers (Table 4). To serve as both positive and negative controls, AT3E and 
10403S were separately plated on BHI agar containing 130 μg/ml CdSO4 or 
200 μg/ml streptomycin. 
4.5.5 Introducing clpL into a heat-sensitive L. monocytogenes strain
(III)
To verify that clpL plays a role in the heat resistance of L. monocytogenes, 
the 423-bp upstream region including the putative promoter, and the coding 
sequence of clpL were amplified using primers BamHI clpL FN and BamHI 
clpL RN (Table 4) and conjugated into the heat-sensitive L. monocytogenes 
10403S by filter mating using the integration vector pPL2 as described above 
(Lauer et al., 2002, Ma et al., 2011). Control pPL2 lacking the insert was 
separately conjugated into the recipient 10403S. Integration of the plasmids 
was confirmed by using NC16 and PL95 (Lauer et al., 2002) and the presence 
of the insert by using clpL gene-specific primers (Table 4). 
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4.6 Phenotypic characterisation of L. monocytogenes
strains and isolates (I–IV) 
4.6.1 Growth curve analyses (I–III) 
To analyse the growth of the L. monocytogenes wild-type and genetically 
modified strains exposed to cold, heat, osmotic, acid, alkali, ethanol or 
oxidative conditions, three to five separate colonies per strain were 
inoculated into 10 ml of BHI broth and incubated overnight at 37 qC (I–III). 
The cultures were diluted (1:100) in BHI broth (I–III) or BHI supplemented 
with 6% NaCl, 3.5 vol% ethanol or 5 mM H2O2, or BHI adjusted to pH 5.6 
with 37% HCl or pH 9.4 with 5 M NaOH (II). Each dilution (300–350 μl) was 
transferred into separate wells of a 100-well honeycomb plate in duplicate 
technical replicates. The strains were grown in a Bioscreen C Microbiology 
Reader (Growth Curves Ltd., Helsinki, Finland) at 3 qC for 23 to 40 days 
(cold), at 42.5 qC or 42 qC for 10 to 24 h (heat), and at 37 qC for 10 to 48 h 
(other stresses). OD600 values were measured at 15-min or 1-h intervals. 
Control growths were performed at 37 qC for 24 h (I, II). The mean growth 
parameters, including the maximum growth rate, onset time of growth (lag 
phase) and maximum optical density, were obtained by using the DMFit web 
edition software (Computational Microbiology Research Group, Institute of 
Food Research, Colney, Norwich, UK) with the complete Baranyi and 
Roberts model (Baranyi and Roberts, 1994) (I, II), or by using the ‘grofit’ 
package (Kahm et al., 2010) in R versions 3.2.2 and 3.4.0 (R Core Team, 
Vienna, Austria) applying the logistic model with the default settings (III). 
The area under the curve (AUC) was determined in ‘grofit’ (III) or by using a 
designed script in Matlab R2014a (MathWorks, Natick, MA, USA) (II). The 
correspondence between the OD600 values and the viable cell numbers of the 
wild-type and genetically modified strains was confirmed by plate counts in 
early and late logarithmic and early stationary growth phases (I, II), or mid-
logarithmic and stationary growth phases (III). 
4.6.2 Heat resistance assay (III)
L. monocytogenes strains 10403S, AL4E and AT3E, plasmid-cured AT3Epc, 
and conjugation strains 10403SpPL2 and 10403SpclpL were tested for heat 
survival according to Lundén et al. (2008), except that three overnight 
cultures of each strain were separately inoculated into TSB and challenged at 
55 qC for 40 min. The decrease in the cell concentration (log10 reduction) was 
determined by colony counts on plate count (PCA) agar (Oxoid). Strains with 
a reduction of <1.0 log10 were considered heat resistant. 
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4.6.3 Minimum and maximum growth temperatures (I–III)
The differences in minimum and maximum growth temperatures were 
examined using the Gradiplate W10 incubator (BCDE Group, Helsinki, 
Finland) (Hinderink et al., 2009). Dilutions of two (I, II) and three (III) 
separate overnight cultures of each strain were plated in duplicate by the 
stamping technique as parallel lines onto TSA (25 g agar/l). Minimum 
temperatures were measured for 21 days with a temperature gradient set to 
range from 1 qC to 7 qC (I). Differences in maximum growth temperatures 
were measured with a temperature gradient of 39 qC to 44 qC for 48 h (II) or 
39.2 qC to 45.7 qC for 24 h (III). Growth boundaries were determined by 
using a stereomicroscope (Olympus SZ61, Nikon, Tokyo, Japan). The growth 
temperature threshold was determined as the boundary where dense 
bacterial growth discontinued (I–III). 
4.6.4 Benzalkonium chloride resistance and impact of reserpine (IV)        
The susceptibility of L. monocytogenes isolates to BC was tested using the 
agar dilution method (Elhanafi et al., 2010). Single colonies of each strain 
were suspended into 100 μl of MH broth (Oxoid), of which 5 μl was spotted 
in technical duplicates onto MH agar (Oxoid) supplemented with 0 to 
30 μg/ml BC. MICs were measured after 48 h at 37 qC. Strains displaying 
confluent growth in ≥20 μg/ml were considered BC resistant (BCr). 
Efflux pump activity in BCr L. monocytogenes isolates was assessed by 
measuring the BC MICs on MH agar (Oxoid) supplemented with 0 μg/ml to 
30 μg/ml BC and an additional 20 μg/ml of the efflux pump inhibitor 
reserpine (Sigma-Aldrich). The BC resistance of the L. monocytogenes 
isolates was categorised as fully efflux pump-dependent when reserpine 
caused a ≥10 μg/ml decrease in the BC MIC and partially dependent when 
the resultant decrease was <10 μg/ml. 
4.7 Genomic analyses (III) 
4.7.1 DNA extraction (III) 
After growth to the stationary growth phase at 37 qC, the cells of the 
L. monocytogenes AT3E and AL4E strains were lysed using lysozyme and 
mutanolysin at 37 qC for 2 h. Genomic DNA was extracted by using 
guanidium thiocyanate (Pitcher et al., 1989). DNA integrity was verified by 
gel electrophoresis and the DNA yield was measured by using the Qubit 
dsDNA BR Assay Kit (Life Technologies, Carlsbad, CA, USA). 
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4.7.2 Sequencing (III) 
WGS of L. monocytogenes AL4E and AT3E was conducted by the Institute of 
Biotechnology (Helsinki, Finland) using single-molecule real-time (SMRT) 
sequencing in the PacBio RS platform with coverages of 199x (AL4E), 252x 
(AT3E) and 422x (pLM58) (III). AL4E and AT3E genomes were de novo 
assembled according to the RS_HGAP_Assembly 3 protocol (Pacific 
Biosciences of California, Inc., Menlo Park, CA, USA).  
4.7.3 Annotation and comparative genomic analysis (III)
L. monocytogenes AL4E and AT3E genomes were annotated by using RAST 
2.0 (Aziz et al., 2008) and genome comparison was conducted in SEED 
Viewer 2.0 (Overbeek et al., 2005). Sequence-based operon prediction of 
pLM58 was performed by using FGENESB (Solovyev and Salamov, 2011) and 
putative prophages of pLM58 were predicted by using PHASTER (Zhou et 
al., 2011, Arndt et al., 2016). Circular visualisation and comparison of AL4E 
and AT3E chromosomes was conducted by using BRIG (BLAST Ring Image 
Generator) (Alikhan et al., 2011) and pLM58 was visualized by using 
SnapGene Viewer 3.3.4 (GSL Biotech LLC, Chicago, IL). The coding 
sequences of the replication initiation protein and the ATP-dependent 
protease ClpL harboured by pLM58 were compared using BLASTN 2.2.26 
(Altschul et al., 1997) to L. monocytogenes plasmid sequences deposited in 
GenBank at NCBI by 13 July 2017. 
4.8 Statistical analyses (I–IV) 
The statistical analyses were performed in Excel 2010 (Microsoft, Redmond, 
WA, USA) (I), in IBM SPSS Statistics 23 and 24 (IBM, Armonk, NY, USA) (II, 
III) and using the JMP program v. 11.0.0 (SAS Institute, Inc., NC, USA) (IV). 
Differences in the expression levels of the HK-encoding genes were tested by 
the paired t-test (I). Differences in the growth parameters (I–III), the 
minimum and maximum growth temperatures (I–III) and the log10 
reductions (III) were tested using the independent-samples two-tailed t-test. 
Fisher’s exact test was used in pairwise comparisons of BC resistance and 
sensitivity within serotypes and isolate origin (IV). 
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5 RESULTS 
5.1 Roles of two-component-system histidine kinases in
the stress tolerance of L. monocytogenes (I, II) 
5.1.1 Relative expression levels of histidine kinase-encoding genes at 
low temperatures (I) 
At 3 qC, cheA (lmo0692) was upregulated 236-fold (P < 0.001) as compared 
to the expression level at 37 qC, while liaS (lmo1021), lmo1173, lisK 
(lmo1378), lmo1508, lmo1741, resE (lmo1947) and cesK (lmo2421) displayed 
1.6- to 3-fold (P < 0.05) upregulation (Fig. 2). At each time point post-cold 
shock from 37 qC to 5 qC, lmo0050, yycG (lmo0288), lmo1061, lmo1741 and 
kdpD (lmo2679) were upregulated 1.9- to 3.4-fold (P < 0.05) as compared to 
t0 (Figs 3A–C). liaS and phoR (lmo2500) were upregulated 1.5- to 2.1-fold 
(P < 0.05) both at 30 min and 3 h (Figs 3A and B). Cold shock induced the 
expression of cheA 7.8-fold (P < 0.01) at 7 h (Fig. 3C), and that of lmo2011 
1.6-fold (P < 0.05) at 30 min (Fig. 3A). The expression of other HK-encoding 
genes was unaffected under cold stress. 
 
Figure 2 Relative gene expression levels of the HK-encoding genes in L. monocytogenes 
EGD-e during the logarithmic growth phase at 3 qC in relation to the expression 
level in logarithmic growth at 37 qC. Gene expression was normalized to 16S rrn.
Error bars represent the minimum and maximum ratios between three replicate 
cultures. Significantly increased relative expression levels (P < 0.05, < 0.01
or < 0.001, paired t-test) are indicated by asterisks *, ** and ***, respectively (I).
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Figure 3 Relative expression levels of the HK-encoding genes in L. monocytogenes EGD-e
30 min (A), 3 h (B) and 7 h (C) post-cold shock from 37 qC to 5 qC, each calibrated 
to t0 at 37 qC. Gene expression was normalized to 16S rrn. Error bars represent the 
minimum and maximum ratios between three replicate cultures. Significantly 
increased relative expression levels (P < 0.05, < 0.01 or < 0.001, paired t-test) are 
indicated by asterisks *, ** and ***, respectively (I).
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5.1.2 Growth of genetically modified L. monocytogenes under various 
stresses (I, II) 
At 3 qC, the growth of the ΔlisK deletion mutant strain was nearly completely 
restricted, with the growth rate 86% (P < 0.001) lower and the maximum 
optical density 73% (P < 0.001) lower than those of the wild-type EGD-e 
strain. ΔyycG displayed a prolonged lag phase, a 31% (P < 0.001) lower 
growth rate and an 8% (P < 0.01) lower maximum optical density compared 
to the wild type. ΔresE displayed a later onset of growth and a 29% 
(P < 0.001) lower growth rate than those of the wild type (I). 
Complementation of ΔyycG restored the cold-sensitive phenotype to the 
wild-type level, while complementation of ΔlisK did not fully restore growth 
at low temperature, although a slight increase in the maximum optical 
density was observed (I). 
The growth of ΔliaS was impaired under each stress condition other than 
low temperature when compared to EGD-e, with marked changes at high 
temperature (42.5 qC) and under osmotic stress (6% NaCl), moderate 
changes under pH stresses (5.6 and 9.4) and with minor changes in 3.5% 
ethanol and 5mM H2O2. AUC values of ΔliaS were 31% and 30% lower 
(P < 0.01) under osmotic and heat stresses, respectively, 21% and 15% lower 
(P < 0.001) under acid and alkali stresses, respectively, and 11% lower 
(P < 0.01) under both ethanol and oxidative stresses compared to AUC values 
of EGD-e under corresponding stress conditions. The maximum growth rates 
of ΔliaS decreased by 67% (P < 0.001) in 6% NaCl and 15% to 46% (P < 0.01) 
under other stresses. ΔvirS displayed almost completely restricted growth at 
42.5 qC and moderately impaired growth in ethanol. The AUC values of ΔvirS 
were 58% and 19% lower (P < 0.01) under heat and ethanol stresses, 
respectively. The maximum growth rate of ΔvirS in ethanol was 33% lower 
(P < 0.01), while its growth rate at high temperature was negligible. The 
ΔagrC strain displayed notably impaired growth under osmotic stress, with a 
33% lower (P < 0.01) maximum growth rate. ΔagrC also displayed slight 
growth deficiency and a 14% lower (P < 0.01) AUC value under oxidative 
stress (II). Complementation restored the wild-type phenotypes to the 
ΔagrC, ΔliaS and ΔvirS mutants (II). At 37 qC, the growth of none of the 
mutant strains deviated from that of the wild-type EGD-e (I, II). 
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5.1.3 Minimum and maximum growth temperatures (I, II) 
The minimum growth temperatures of ΔyycG and ΔlisK were 3.7 qC and 
2.7 qC higher (P < 0.001), respectively, when compared to EGD-e after a 21-
day incubation, while ΔcesK and ΔkdpD presented 2.3 qC and 0.5 qC (P < 
0.05) higher minimum growth temperatures, respectively (I). The maximum 
growth temperature of ΔliaS was 0.9  qC lower (P < 0.001) and that of ΔvirS 
0.7qC lower (P < 0.001) than EGD-e (Fig. 4) (II).  
 
 
 
Figure 4 Maximum growth temperatures of L. monocytogenes EGD-e, the histidine kinase
deletion mutant strains ΔliaS and ΔvirS and the complemented strains ΔliaSc and 
ΔvirSc within 48 h in the Gradiplate W10 incubator in a temperature gradient of
39 qC to 44 qC (II).
5.2 Plasmid-mediated heat resistance in 
L. monocytogenes (III) 
5.2.1 Novel 58-kb plasmid contributes to the heat resistance of
L. monocytogenes AT3E (III) 
Genome analysis revealed the heat-resistant AT3E to harbour a novel 
plasmid pLM58 (Fig. 5). The 58-kb plasmid, with a GC content of 36.6%, 
contains 70 predicted ORFs and 19 predicted operons. Plasmid curing 
resulted in significantly impaired heat resistance of the derivative AT3Epc 
compared to the AT3E parent, with a log10 reduction of 1.1 cfu/ml (P < 0.001) 
at 55 qC (Fig. 6). 
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Figure 5 Genetic map of L. monocytogenes plasmid pLM58. Initiation of replication protein-
encoding ori, ATP-dependent protease-encoding clpL, cadmium resistance genes 
cadA and cadC, transposon Tn5422 and unique restriction sites are indicated (III).
5.2.2 Plasmid-borne clpL increases heat resistance in 
L. monocytogenes (III) 
Annotation of pLM58 revealed an ORF putatively encoding an ATP-
dependent ClpL protease (Fig. 5). Introduction of clpL augmented the heat 
resistance of natively heat-sensitive L. monocytogenes 10403S, observed by a 
significant decrease in log10 reduction from 1.2 cfu/ml to 0.4 cfu/ml 
(P < 0.01) at 55 qC (Fig. 6).  
Figure 6 pLM58 plasmid-borne ATP-dependent protease ClpL mediates heat resistance in 
L. monocytogenes. Error bars represent the standard deviations of three replicate 
cultures. Statistically significant log10 reduction values (P < 0.01, P < 0.001,
independent samples 2-tailed t-test) are indicated by asterisks * and **, 
respectively. NS, not significant. (III)
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5.2.3 pLM58 is putatively nonconjugative (III) 
Upon standard plate mating between AT3E and 10403S, no colonies were 
detected on selective plates containing both 130 Pg/ml CdSO4 and 200 Pg/ml 
streptomycin, indicating no conjugative transmission of pLM58. pLM58 also 
lacked the known T4SS-encoding genes required for the conjugation of self-
transmissible plasmids. 
5.3 L. monocytogenes strains display high variability 
under severe stresses (III, IV) 
5.3.1 Resistance and growth of L. monocytogenes strains vary at high 
temperatures (III) 
We first tested the heat resistance at 55 qC, growth at 42 qC and maximum 
growth temperature of L. monocytogenes AL4E and AT3E in order to 
elucidate the differences between their thermoresistance and growth at high 
temperature. With a 0.0 cfu/ml log10 reduction, L. monocytogenes AT3E 
proved to be more heat resistant than AL4E (1.4 cfu/ml log10 reduction; 
P < 0.01) at 55 qC. At 42qC, the differences between their growth were 
negligible. Strain AL4E exhibited a 0.5 qC higher maximum growth 
temperature than the heat-resistant AT3E strain (P < 0.01). 
5.3.2 L. monocytogenes isolates display variable resistance to 
benzalkonium chloride (IV) 
 
The BC resistance profiles for the Finnish and Swiss L. monocytogenes 
isolates were determined. BC MICs ranged from 7.5 μg/ml to over 30 μg/ml. 
Isolates with BC MIC of ≥ 20 μg/ml were considered BCr. Altogether, 11.5% 
(45/392) of the strains proved to be resistant to BC. Considering the isolation 
country, 10.7% (21/107) and 12.3% (24/195) of isolates of Finnish and Swiss 
origin strains, respectively, were BCr.  
Overall, most of the BCr strains belonged to lineage II (39/45; 86.7%). 
Considering serotypes, the highest prevalence of BCr strains was found 
among serotype 1/2c (11/34; 32.4%), while, in total, most of the resistant 
strains belonged to the serotype 1/2a (28/45, 62.2%). Genotypically, the 45 
BCr strains belonged to 14 MLSTs, of which two were the newly described 
ST25 and ST28. Most of the BCr strains were of ST121 (14/45; 31.1%) and ST9 
(11/45; 24.4%). Furthermore, most of the BCr strains were associated with 
clonal complexes (CC) CC121 (16/45; 35.6%) and CC9 (11/45; 24.4%). 
PCR-based analysis revealed 68.9% (31/45) of the BCr strains to harbour 
at least one of the known BC resistance-conferring genes bcrABC, emrE or 
qacH. bcrABC was found in Swiss isolates alone, while only one BCr isolate, 
that of Finnish origin, was found to harbour emrE. A screen with reserpine 
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showed that 40% (18/45) of the BCr strains were at least partially efflux 
pump-dependent. Of the 14 strains lacking the known BC resistance-
conferring genes, the BC resistance of three strains proved to be independent 
of efflux pump systems. 
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6 DISCUSSION 
6.1 Extensive roles of two-component-system histidine 
kinases in the stress tolerance of L. monocytogenes 
(I–II) 
In these studies we assessed the roles of HK-encoding genes in the stress 
tolerance of L. monocytogenes to ambient stress conditions, low and high 
temperatures, low and high pH levels, and high salt, ethanol and hydrogen 
peroxide concentrations, widely used to control bacterial contamination in 
food processing and preservation (NicAogáin and O'Byrne, 2016, Bucur et 
al., 2018). While RRs of L. monocytogenes have been more extensively 
studied, information has been lacking on the role of HKs. However, 
phosphorylation of the HK is a key step in the phosphotransfer chain that 
further governs the phosphorylation of the cognate RR and the final output 
(Stock et al., 2000, Jacob-Dubuisson et al., 2018), and the functions of HKs 
are thus of special interest. 
Of the HKs, YycG and LisK proved to be essential to the cold tolerance of 
L. monocytogenes. Based on expressional analyses of HK-encoding genes, 
YycG seems to be particularly needed under abrupt cold stress, while the role 
of LisK is accentuated during cold acclimation. In addition, ResE appears to 
play a minor role in the early growth phase of L. monocytogenes under cold 
conditions. The contribution of all of these TCSs to cold tolerance might be 
explained by potential cell envelope-related stress responses (Mohedano et 
al., 2005, Williams et al., 2005a, Gottschalk et al., 2008, Nielsen et al., 
2012). The YycFG system (synonymous for WalKR) is regarded as essential 
and is highly conserved among low G+C-content Gram-positive bacteria such 
as B. subtilis (Fabret and Hoch, 1998, Szurmant et al., 2007, Takada et al., 
2018) and S. aureus (Martin et al., 1999, Poupel et al., 2016). Due its 
essential and conserved nature, YycFG has attracted long-lasting research 
interest as a potential antimicrobial target (Fabret and Hoch, 1998, Dubrac et 
al., 2008, Tiwari et al., 2017). 
We concluded HK kinase LiaS to have a universal impact on the stress 
tolerance of L. monocytogenes EGD-e. Mutational studies revealed impaired 
growth of 'liaS under each stress condition studied except cold: under heat, 
acid, alkali, osmotic, ethanol, and oxidative conditions. The most prominent 
roles were noted upon heat and osmotic stresses at 42.5 qC and in 6% NaCl, 
respectively. Since the upkeep of the cell wall structure and membrane 
functions have a key role in environmental stress adaptation (Soni et al., 
2011, NicAogáin and O'Byrne, 2016), the comprehensive role of the TCS 
LiaSR may be attributable to its actions of remodelling the cytoplasmic 
membrane composition in response to cell-envelope disturbances (Fritsch et 
al., 2011). 
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Besides LiaSR-mediated stress responses, our studies, combined with 
previous findings on RRs YycF (Chan et al., 2007b), LisR (Chan et al., 2008), 
VirR (Williams et al., 2005a) and AgrA (Garmyn et al., 2012), point out that 
the complete TCSs YycFG and LisRK, AgrCA and VirRS play roles under cold, 
osmotic and ethanol stresses, respectively. The potential versatility in stress 
tolerance of the Agr quorum sensing system, which includes AgrCA, is 
illustrated by the advantage that it provides L. monocytogenes in survival in 
natural soil, the most complex growth environment (Vivant et al., 2014, 
Vivant et al., 2015). VirRS and the Agr quorum sensing system have also 
been associated with the virulence of L. monocytogenes (Autret et al., 2003, 
Mandin et al., 2005, Riedel et al., 2009, de las Heras et al., 2011, Grubaugh 
et al., 2018), with VirR playing a key role as a virulence regulator and the 
virR gene itself being upregulated in vivo during infection in a mouse model 
(Camejo et al., 2009). VirR potentially participates in virulence by gene 
regulation of cell-surface modulation (Mandin et al., 2005, Camejo et al., 
2009). Alterations in cell-envelope structures were, in turn, suggested to 
result in enhanced ethanol tolerance (Williams et al., 2005a). Furthermore, 
exposure to osmotic stress similar to conditions in the human intestine 
increases virulence gene expression in L. monocytogenes (Sue et al., 2004). 
Due to these potential interfaces between virulence and stress tolerance 
mechanisms, it may not be surprising that both TCSs AgrCA and VirRS 
would be involved not only in virulence but also in stress tolerance in 
L. monocytogenes. However, it should be further noticed that, instead of the 
toxin production-controlling VirRS system, extensively described in 
Clostridium perfringens (Lyristis et al., 1994, Ohtani et al., 2010) in which 
the regulatory function occurs via RNA molecules (Shimizu et al., 2002), 
VirRS of L. monocytogenes is a member of the BceRS-like TCSs (Dintner et 
al., 2011). 
Intriguingly, cognate TCS partners do not always seem to feature together 
in the same stress tolerance responses. Besides the obvious methodological 
differences, as well as potential variation within parental strains between 
studies (Bécavin et al., 2014), cross-phosphorylation (cross-talk or cross-
regulation) may take place between noncognate partners (Laub and Goulian, 
2007, Siryaporn and Goulian, 2010). Indeed, while we found LiaS to play a 
significant role in heat stress, the same is evidently not the case with its 
cognate RR LiaR (Kallipolitis and Ingmer, 2001, Williams et al., 2005a). LiaS 
is a potential phosphorylator of the orphan RR DegU (Williams et al., 
2005a), also assigned a role in contributing to the heat tolerance of 
L. monocytogenes (Gueriri et al., 2008). Mandin et al. (2005) also suggested 
that, inside a host, VirR activation might be unrelated to the cognate HK VirS 
but occur via cross-talking or molecular compound phosphorylation instead. 
Verifying cross-phosphorylation between noncognate partners would require 
further investigations into protein–protein interactions between particular 
HKs and RRs (Bielecki et al., 2015). 
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For those HK-encoding genes upregulated at low temperatures while 
presenting no significant changes in mutational studies, the apparent 
discrepancies may be due to putative posttranscriptional regulation. For 
instance, Csp-encoding genes are mainly regulated at the posttranscriptional 
level (Narberhaus et al., 2006). Overall, we found that, apart from the 
chemotaxis-encoding cheA, the relative expression levels of the HK-encoding 
genes at low temperatures only moderately differed from that of the 
expression levels at 37 qC. Although a recent comparative transcriptome 
analysis demonstrated fairly high transcript levels (8.9-fold change) for HK-
encoding kdpD upon sodium lactate adaptation (Suo et al., 2018),  as such, 
transcriptional studies may not be the optimum single method of choice to 
unambiguously ascertain the role of a certain HK in the stress tolerance of 
L. monocytogenes. 
Although the presence and the output domain types of the TCSs of 
L. monocytogenes have been described (Glaser et al., 2001, Williams et al., 
2005a), much remains to be discovered concerning the detailed structures 
and the triggering signals of the TCS signalling structures of 
L. monocytogenes (Zetzmann et al., 2016, Pinheiro et al., 2018). 
Furthermore, by collecting phenotypic data with a considerably larger 
number of strains than in the present studies, the discrepancies between the 
putative roles of certain TCSs reported in previous studies could possibly be 
elucidated. Strain and population heterogeneity might influence the results 
when using only one or few model strains, particularly when using laboratory 
strains that do not always optimally represent the naturally occurring 
L. monocytogenes strains (Bécavin et al., 2014). 
6.2 pLM58-borne ClpL-mediated heat resistance in 
L. monocytogenes (III) 
This study is very plausibly the first description of plasmid-mediated heat 
resistance in L. monocytogenes, conferred via a novel plasmid, pLM58. 
Genes potentially related to heat tolerance have been annotated in 
L. monocytogenes plasmids (Fox et al., 2016). Canchaya et al. (2010) also 
identified a clpL gene that was suggested to originate from lactic acid 
bacteria, in which clpL was upregulated during heat shock (Suokko et al., 
2005). However, conclusive evidence of plasmid-borne heat resistance-
mediating genes in L. monocytogenes has been lacking to date. Our results 
indicate that plasmid-borne ClpL is a potential predictor of augmented heat 
resistance in L. monocytogenes. As heat treatment is a central means to 
control L. monocytogenes contamination during food processing (Bucur et 
al., 2018), the possibility of a heat resistance-conferring trait harboured by a 
MGE in a foodborne pathogen raises serious concerns with regard to food 
hygiene and safety. Of other pathogenic bacteria, a heat resistance-mediating 
plasmid has previously been described at least in Klebsiella pneumoniae 
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(Bojer et al., 2010, Bojer et al., 2012). Regarding plasmid-mediated traits 
within bacteria, the focus of the past and present research has been on the 
rapidly emerging antibiotic resistance (Poyart-Salmeron et al., 1990, Liu et 
al., 2016, Liu et al., 2019, Schweizer et al., 2019, Slettemeås et al., 2019), 
while much less in known about the plasmid-mediated environmental stress 
tolerance of pathogenic bacteria. However, the possible cotransfer of both 
stress tolerance and antibiotic resistance-conferring traits cannot be 
overlooked, as they may have grave implications for consumer and patient 
safety considering both foodborne and nosocomial infections. Notably, Bojer 
et al. (2012) detected the cotransfer of both multidrug and heat resistance-
conferring traits in a conjugative plasmid in K. pneumoniae.  
Instead of focusing on particular genes, our aim in this study was to 
comprehensively approach the subject of finding novel genetic traits 
conferring heat resistance in L. monocytogenes. Furthermore, we wanted to 
take into account the possibility of plasmids acting as heat-resistance 
mediators. Consequently, WGS and comparison of the complete genomes of 
a heat-resistant and heat-sensitive strain were opted for. Indeed, whole-
genome comparison revealed the most prominent difference between the 
heat-resistant AT3E and heat-sensitive AL4E L. monocytogenes strains to be 
a novel 58-kb plasmid. Furthermore, plasmid curing generated a significant 
decrease in heat resistance of the AT3E strain at 55 qC. pLM58 harboured a 
2,115-bp ATP-dependent protease-encoding clpL gene. Introducing this gene 
to a naturally heat-sensitive L. monocytogenes 10403S resulted, in turn, in 
significantly improved survival under heat challenge. While chromosomal 
stress resistance-mediating Clp ATPases have been described in 
L. monocytogenes (Rouquette et al., 1996, Nair et al., 2000), this is the first 
study to identify a plasmid-borne Clp in L. monocytogenes conferring heat 
resistance. As the same clpL gene can be found in other Listeria spp. 
plasmids sequenced to date, heat resistance may prove to be even more 
prevalent within plasmid-harbouring L. monocytogenes strains. 
As plate mating resulted in no apparent transconjugants, it seems that 
pLM58 is not self-transmissible. This was supported by the absence of the 
known type IV secretion system-encoding genes (Smillie et al., 2010, 
Goessweiner-Mohr et al., 2014) in pLM58. Whether pLM58 is mobilisable 
needs to be further investigated. However, due to the mosaic nature of 
L. monocytogenes plasmids (Canchaya et al., 2010, Schmitz-Esser et al., 
2015), the possibility of a conjugative plasmid harbouring a heat resistance-
mediating clpL gene in L. monocytogenes still remains. As WGS methods 
become increasingly common and affordable and as complete sequences of 
new Listeria spp. plasmids become available in open databases, future 
comparative genomic analyses will undoubtedly enlighten the contents and 
potential heat resistance-mediating genes harboured by other, possibly 
conjugative plasmids. 
Neither plasmid curing nor introducing the clpL into a heat-sensitive 
L. monocytogenes strain resulted in alterations in the maximum growth 
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temperature or kinetic growth parameters at 42 qC. This may indicate 
different mechanisms for resistance to thermal kill than the ability to grow at 
high temperatures. Indeed, similar indications have been found in 
K. pneumoniae, as mutation in the heat-resistance mediating gene did not 
affect the maximum growth temperature (Bojer et al., 2010). Consequently, 
in experimental designs it may also be important to differentiate between the 
ability to grow under a certain stress from the ability to resist and survive a 
harsher stress condition.  
In this study, we were able to pinpoint a causative gene carried on a 
plasmid by comparing two complete genomes and combining the genomic 
information with traditional molecular experiments. However, a larger 
sample size would greatly facilitate the prospects of finding completely novel 
mechanisms conferring stress resistance: a large enough sample size – from 
hundreds to preferably even thousands – would allow genome-wide 
association studies (GWAS) methods to be employed that could identify not 
only complete plasmids or genes but also smaller variants, such as SNPs and 
indels, associated with certain phenotypes (Lees et al., 2016, Kachroo et al., 
2019). It should be noted, however, that even in the case of a proven 
statistical association, traditional molecular methods are still needed to 
ascertain true causality (Read and Massey, 2014, Kremer et al., 2017). 
The findings in this study raise concern, amongst others, due to the 
potential cotransfer of plasmid-borne stress resistance-mediating genes 
together with those conferring resistance to virulence and antibiotics (Bojer 
et al., 2010, Bojer et al., 2012, Gullberg et al., 2014, Fox et al., 2016). This 
may provide bacteria with opportunities to populate different niches and to 
infect new hosts. 
6.3 Characteristics of benzalkonium chloride resistance 
in L. monocytogenes (IV)
In this study, 392 L. monocytogenes isolates of Finnish and Swiss origin 
were analysed with respect to BC resistance. Altogether, 11.5% of the strains 
proved to be BCr, corresponding with the lower estimates of previous 
findings in isolates from food-processing environments and foodstuffs (Aase 
et al., 2000, Mullapudi et al., 2008, Jiang et al., 2016). It should be noted, 
however, that the definition of BC resistance has differed markedly between 
studies (Aase et al., 2000, Mereghetti et al., 2000, Xu et al., 2014) due to the 
often-employed method of using as a threshold the MIC that prevents the 
growth of the majority of the test strains themselves. However, with large 
and variable enough sample material, the relative cut-off approach should 
provide a sufficient basis for selecting the clearly resistant strains. 
Essentially, these strains would also be the ones most likely to be problematic 
in food processing premises with regard to the successful disinfection of 
processing equipment and surfaces. Most worryingly, it has been suggested 
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that adaptation to BC may also augment antibiotic resistance within bacteria, 
as was shown within Pseudomonas spp. isolates (Tandukar et al., 2013, Kim 
et al., 2018). In L. monocytogenes, adaptation to BC not only enhanced 
tolerance to subsequent exposure to BC, but also resistance to antimicrobial 
agents such as cefotaxime, cephalothin and ciprofloxacin (Yu et al., 2018). 
These outcomes suggest that the use of disinfectants should be well planned 
and apportioned to avoid the excess use of possibly multi-resistance-
selecting agents at futile sites. 
No clear correlation between BC resistance and the isolation country or 
isolation source was found in this study. Considering the serotypes, most of 
the BCr strains were of serotype 1/2c, while in total, serotype 1/2a included 
the highest number of BCr strains, which may reflect the overrepresentation 
of 1/2a strains in this study. However, a wide range of BC resistance among 
different serotypes has previously been reported: Mullapudi et al. (2008) 
found BCr L. monocytogenes strains to be significantly more predominant in 
serotype 1/2a and 1/2b than within 4b. A parallel distribution of BCr strains 
had previously been reported by Mereghetti et al. (2000), while others 
detected no such correlation (Romanova et al., 2002, Soumet et al., 2005, 
Jiang et al., 2016) and Xu et al. (2014), indeed, found an opposite BC 
resistance pattern among serotypes. It should be noted that the discrepancies 
might often be explained by the relatively restricted sample sizes or uneven 
representation of different serotypes among the study strains. 
Screening of the known BC resistance-conferring genes bcrABC (Elhanafi 
et al., 2010), emrE (Gilmour et al., 2010, Kovacevic et al., 2016) and qacH 
(Müller et al., 2013) revealed fourteen strains lacking these genes altogether, 
indicating novel mechanisms for BC resistance in L. monocytogenes. 
Furthermore, reserpine screening indicated that in eleven of these strains, at 
least partially an efflux pump-dependent mechanism, other than those 
encoded by the known BC resistance-mediating genes, is putatively present. 
In the three strains both lacking the BC resistance-mediating genes and 
displaying independence of efflux pumps, a completely novel mechanism of 
BC resistance is suggested. Indeed, upregulation of peptidoglycan synthesis 
pathways in the presence of a QAC, benzethonium chloride, was seen in 
L. monocytogenes (Fox et al., 2011), suggesting a potential role of cell-wall 
modifications in increased tolerance to BC (McDonnell and Russell, 1999). In 
future research, association study methods would be a noteworthy tool in 
screening for the potentially completely novel genetic variants putatively 
conferring BC resistance in L. monocytogenes. 
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7 CONCLUSIONS 
1. HKs extensively contribute to stress tolerance in 
L. monocytogenes. YycG and LisK are needed upon an abrupt 
decline in temperature and cold acclimation, respectively, while 
LiaS plays a universal role in the tolerance of L. monocytogenes to 
high temperature, acid, alkali, osmotic, ethanol and oxidative 
stresses. Furthermore, the complete TCSs AgrCA and VirRS play 
roles under osmotic and ethanol stresses, respectively, and 
complete YycFG and LisRK under cold conditions. The present 
studies also revealed indications of potential cross-phosphorylation 
between noncognate TCS partners of L. monocytogenes under 
ambient stresses. 
 
2. A novel plasmid, pLM58, confers heat resistance in 
L. monocytogenes. Furthermore, the plasmid-borne ATP-
dependent protease ClpL contributes to the survival of 
L. monocytogenes at high temperatures, adding to the concern of 
resistance-mediating genes efficiently spreading by horizontal gene 
transfer among bacterial populations. 
 
3. Emerging BC resistance is a potential concern in L. monocytogenes 
strains of Finnish and Swiss origin. BC resistance in strains lacking 
the so far known BC resistance-mediating genes indicates the 
existence of novel BC resistance mechanisms. 
 
 
 70 
REFERENCES
Aase, B., Sundheim, G., Langsrud, 
S. & Rørvik, L. M. (2000) 
Occurrence of and a 
possible mechanism for 
resistance to a quaternary 
ammonium compound in 
Listeria monocytogenes. Int 
J Food Microbiol 62: 57-63. 
Abajy, M. Y., Kopeć, J., Schiwon, 
K., Burzynski, M., Döring, 
M., Bohn, C. & Grohmann, 
E. (2007) A type IV-
secretion-like system is 
required for conjugative 
DNA transport of broad-
host-range plasmid pIP501 
in gram-positive bacteria. J 
Bacteriol 189: 2487-2496. 
Abee, T., Koomen, J., Metselaar, K. 
I., Zwietering, M. H. & den 
Besten, H. M. W. (2016) 
Impact of pathogen 
population heterogeneity 
and stress-resistant variants 
on food safety. Annu Rev 
Food Sci Technol 7: 439-
456. 
Abram, F., Starr, E., Karatzas, K. A. 
G., Matlawska-Wasowska, 
K., Boyd, A., Wiedmann, M., 
Boor, K. J., Connally, D. & 
O'Byrne, C. P. (2008) 
Identification of 
components of the Sigma B 
regulon in Listeria 
monocytogenes that 
contribute to acid and salt 
tolerance. Appl Environ 
Microbiol 74: 6848-6858. 
Aguilar, P. S., Hernandez-Arriaga, 
A. M., Cybulski, L. E., Erazo, 
A. C. & de Mendoza, D. 
(2001) Molecular basis of 
thermosensing: a two-
component signal 
transduction thermometer 
in Bacillus subtilis. EMBO J 
20: 1681-1691. 
Alikhan, N.-F., Petty, N. K., Ben 
Zakour, N. L. & Beatson, S. 
A. (2011) BLAST Ring 
Image Generator (BRIG): 
simple prokaryote genome 
comparisons. BMC 
Genomics 12: 402. 
Allam, M., Tau, N., Smouse, S. L., 
Mtshali, P. S., Mnyameni, 
F., Khumalo, Z. T. H., 
Ismail, A., Govender, N., 
Thomas, J. & Smith, A. M. 
(2018) Whole-genome 
sequences of Listeria 
monocytogenes sequence 
type 6 isolates associated 
with a large foodborne 
outbreak in South Africa, 
2017 to 2018. Genome 
Announc 6: e00538-18. 
Almeida, G., Magalhães, R., 
Carneiro, L., Santos, I., 
Silva, J., Ferreira, V., Hogg, 
T. & Teixeira, P. (2013) Foci 
of contamination of Listeria 
monocytogenes in different 
cheese processing plants. 
Int J Food Microbiol 167: 
303-309. 
Altamirano-Silva, P., Meza-Torres, 
J., Castillo-Zeledón, A., 
Ruiz-Villalobos, N., Zuñiga-
Pereira, A. M., Chacón-Díaz, 
C., Moreno, E., Guzmán-
Verri, C. & Chaves-Olarte, 
E. (2018) Brucella abortus 
senses the intracellular 
environment through the 
BvrR/BvrS two-component 
system, which allows 
B. abortus to adapt to its 
replicative niche. Infect 
Immun 86: e00713-17. 
Altschul, S. F., Madden, T. L., 
Schäffer, A. A., Zhang, J., 
Zhang, Z., Miller, W. & 
Lipman, D. J. (1997) 
Gapped BLAST and PSI-
BLAST: a new generation of 
protein database search 
programs. Nucleic Acids Res 
25: 3389-3402. 
Amezaga, M. R., Davidson, I., 
Mclaggan, D., Verheul, A., 
 71 
Abee, T. & Booth, I. R. 
(1995) The role of peptide 
metabolism in the growth of 
Listeria monocytogenes 
ATCC 23074 at high 
osmolarity. Microbiology 
141: 41-49. 
Angelidis, A. S. & Smith, G. M. 
(2003) Role of the glycine 
betaine and carnitine 
transporters in adaptation 
of Listeria monocytogenes 
to chill stress in defined 
medium. Appl Environ 
Microbiol 69: 7492-7498. 
Angelo, K. M., Conrad, A. R., 
Saupe, A., Dragoo, H., West, 
N., Sorenson, A., Barnes, A., 
Doyle, M., Beal, J., Jackson, 
K. A., Stroika, S., Tarr, C., 
Kucerova, Z., Lance, S., 
Gould, L. H., Wise, M. & 
Jackson, B. R. (2017) 
Multistate outbreak of 
Listeria monocytogenes 
infections linked to whole 
apples used in commercially 
produced, prepackaged 
caramel apples: United 
States, 2014-2015. 
Epidemiol Infect 145: 848-
856. 
Annous, B. A., Becker, L. A., 
Bayles, D. O., Labeda, D. P. 
& Wilkinson, B. J. (1997) 
Critical role of anteiso-C15: 0 
fatty acid in the growth of 
Listeria monocytogenes at 
low temperatures. Appl 
Environ Microbiol 63: 
3887-3894. 
Appleby, J. L., Parkinson, J. S. & 
Bourret, R. B. (1996) Signal 
transduction via the multi-
step phosphorelay: not 
necessarily a road less 
traveled. Cell 86: 845-848. 
Archambaud, C., Nahori, M.-A., 
Pizarro-Cerdá, J., Cossart, 
P. & Dussurget, O. (2006) 
Control of Listeria 
superoxide dismutase by 
phosphorylation. J Biol 
Chem 281: 31812-31822. 
Arnaud, M., Chastanet, A. & 
Débarbouillé, M. (2004) 
New vector for efficient 
allelic replacement in 
naturally nontransformable, 
low-GC-content, gram-
positive bacteria. Appl 
Environ Microbiol 70: 
6887-6891. 
Arndt, D., Grant, J. R., Marcu, A., 
Sajed, T., Pon, A., Liang, Y. 
& Wishart, D. S. (2016) 
PHASTER: a better, faster 
version of the PHAST phage 
search tool. Nucleic Acids 
Res 44: W16-W21. 
Aubin, G. G., Boutoille, D., 
Bourcier, R., Caillon, J., 
Lepelletier, D., Bémer, P. & 
Corvec, S. (2016) Unusual 
case of spondylodiscitis due 
to Listeria monocytogenes. 
J Bone Jt Infect 1: 7-9. 
Audurier, A., Chatelain, R., 
Chalons, F. & Piéchaud, M. 
(1979) [Bacteriophage 
typing of 823 "Listeria 
monocytogenes" strains 
isolated in France from 
1958 to 1978 (author's 
transl)]. Ann Microbiol 
(Paris) 130B: 179-189. 
Aureli, P., Fiorucci, G. C., Caroli, 
D., Marchiaro, G., Novara, 
O., Leone, L. & Salmaso, S. 
(2000) An outbreak of 
febrile gastroenteritis 
associated with corn 
contaminated by Listeria 
monocytogenes. N Engl J 
Med 342: 1236-1241. 
Autio, T., Hielm, S., Miettinen, M., 
Sjöberg, A.-M., Aarnisalo, 
K., Björkroth, J., Mattila-
Sandholm, T. & Korkeala, 
H. (1999) Sources of 
Listeria monocytogenes 
contamination in a cold-
smoked rainbow trout 
processing plant detected by 
pulsed-field gel 
electrophoresis typing. Appl 
Environ Microbiol 65: 150-
155. 
Autio, T., Markkula, A., Hellström, 
S., Niskanen, T., Lundén, J. 
& Korkeala, H. (2004) 
Prevalence and genetic 
 72 
diversity of Listeria 
monocytogenes in the 
tonsils of pigs. J Food Prot 
67: 805-808. 
Autio, T., Säteri, T., Fredriksson-
Ahomaa, M., Rahkio, M., 
Lundén, J. & Korkeala, H. 
(2000) Listeria 
monocytogenes 
contamination pattern in 
pig slaughterhouses. J Food 
Prot 63: 1438-1442. 
Autret, N., Raynaud, C., Dubail, I., 
Berche, P. & Charbit, A. 
(2003) Identification of the 
agr locus of Listeria 
monocytogenes: role in 
bacterial virulence. Infect 
Immun 71: 4463-4471. 
Aziz, R. K., Bartels, D., Best, A. A., 
Dejongh, M., Disz, T., 
Edwards, R. A., Formsma, 
K., Gerdes, S., Glass, E. M., 
Kubal, M., Meyer, F., Olsen, 
G. J., Olson, R., Osterman, 
A. L., Overbeek, R. A., 
McNeil, L. K., Paarmann, 
D., Paczian, T., Parrello, B., 
Pusch, G. D., Reich, C., 
Stevens, R., Vassieva, O., 
Vonstein, V., Wilke, A. & 
Zagnitko, O. (2008) The 
RAST server: rapid 
annotations using 
subsystems technology. 
BMC Genomics 9: 75. 
Bachiri, T., Lalaoui, R., Bakour, S., 
Allouache, M., Belkebla, N., 
Rolain, J. M. & Touati, A. 
(2017) First report of the 
plasmid-mediated colistin 
resistance gene mcr-1 in 
Escherichia coli ST405 
isolated from wildlife in 
Bejaia, Algeria. Microb 
Drug Resist 24: 890-895. 
Bae, D., Liu, C., Zhang, T., Jones, 
M., Peterson, S. N. & Wang, 
C. (2012) Global gene 
expression of Listeria 
monocytogenes to salt 
stress. J Food Prot 75: 906-
912. 
Bakardjiev, A. I., Theriot, J. A. & 
Portnoy, D. A. (2006) 
Listeria monocytogenes 
traffics from maternal 
organs to the placenta and 
back. PLoS Pathog 2: e66. 
Baranyi, J. & Roberts, T. A. (1994) 
A dynamic approach to 
predicting bacterial growth 
in food. Int J Food 
Microbiol 23: 277-294. 
Barbosa, W. B., Cabedo, L., 
Wederquist, H. J., Sofos, J. 
N. & Schmidt, G. R. (1994) 
Growth variation among 
species and strains of 
Listeria in culture broth. J 
Food Prot 57: 765-769. 
Barbosa, W. B., Sofos, J. N., 
Schmidt, G. R. & Smith, G. 
C. (1995) Growth potential 
of individual strains of 
Listeria monocytogenes in 
fresh vacuum-packaged 
refrigerated ground top 
rounds of beef. J Food Prot 
58: 398-403. 
Barker, C. & Park, S. F. (2001) 
Sensitization of Listeria 
monocytogenes to low pH, 
organic acids, and osmotic 
stress by ethanol. Appl 
Environ Microbiol 67: 1594-
1600. 
Bayles, D. O., Annous, B. A. & 
Wilkinson, B. J. (1996) Cold 
stress proteins induced in 
Listeria monocytogenes in 
response to temperature 
downshock and growth at 
low temperatures. Appl 
Environ Microbiol 62: 1116-
1119. 
Bayles, D. O. & Wilkinson, B. J. 
(2000) Osmoprotectants 
and cryoprotectants for 
Listeria monocytogenes. 
Lett Appl Microbiol 30: 23-
27. 
Beales, N. (2004) Adaptation of 
microorganisms to cold 
temperatures, weak acid 
preservatives, low pH, and 
osmotic stress: a review.  
Compr Rev Food Sci Food 
Saf 3: 1-20. 
Beauregard, K. E., Lee, K.-D., 
Collier, R. J. & Swanson, J. 
A. (1997) pH-dependent 
 73 
perforation of macrophage 
phagosomes by listeriolysin 
O from Listeria 
monocytogenes. J Exp Med 
186: 1159-1163. 
Bécavin, C., Bouchier, C., Lechat, 
P., Archambaud, C., Creno, 
S., Gouin, E., Wu, Z., 
Kühbacher, A., Brisse, S., 
Pucciarelli, M. G., García-
del Portillo, F., Hain, T., 
Portnoy, D. A., Chakraborty, 
T., Lecuit, M., Pizarro-
Cerdá, J., Moszer, I., Bierne, 
H. & Cossart, P. (2014) 
Comparison of widely used 
Listeria monocytogenes 
strains EGD, 10403S, and 
EGD-e highlights genomic 
differences underlying 
variations in pathogenicity. 
MBio 5: e00969-14. 
Becker, L. A., Çetin, M. S., 
Hutkins, R. W. & Benson, A. 
K. (1998) Identification of 
the gene encoding the 
alternative sigma factor σB 
from Listeria 
monocytogenes and its role 
in osmotolerance. J 
Bacteriol 180: 4547-4554. 
Becker, L. A., Evans, S. N., 
Hutkins, R. W. & Benson, A. 
K. (2000) Role of σB in 
adaptation of Listeria 
monocytogenes to growth at 
low temperature. J 
Bacteriol 182: 7083-7087. 
Beckerman, K. P., Rogers, H. W., 
Corbett, J. A., Schreiber, R. 
D., McDaniel, M. L. & 
Unanue, E. R. (1993) 
Release of nitric oxide 
during the T cell-
independent pathway of 
macrophage activation. Its 
role in resistance to Listeria 
monocytogenes. J Immunol 
150: 888-895. 
Begot, C., Lebert, I. & Lebert, A. 
(1997) Variability of the 
response of 66 Listeria 
monocytogenes and 
Listeria innocua strains to 
different growth conditions. 
Food Microbiol 14: 403-412. 
Beier, D. & Gross, R. (2006) 
Regulation of bacterial 
virulence by two-
component systems. Curr 
Opin Microbiol 9: 143-152. 
Benson, A. K. & Haldenwang, W. 
G. (1993) The σB-dependent 
promoter of the Bacillus 
subtilis sigB operon is 
induced by heat shock. J 
Bacteriol 175: 1929-1935. 
Berche, P., Gaillard, J.-L. & 
Richard, S. (1988) 
Invasiveness and 
intracellular growth of 
Listeria monocytogenes. 
Infection 16: S145-S148. 
Bergholz, T. M., Bowen, B., 
Wiedmann, M. & Boor, K. J. 
(2012) Listeria 
monocytogenes shows 
temperature-dependent and 
-independent responses to 
salt stress, including 
responses that induce cross-
protection against other 
stresses. Appl Environ 
Microbiol 78: 2602-2612. 
Bergholz, T. M., den Bakker, H. C., 
Fortes, E. D., Boor, K. J. & 
Wiedmann, M. (2010) Salt 
stress phenotypes in 
Listeria monocytogenes 
vary by genetic lineage and 
temperature. Foodborne 
Pathog Dis 7: 1537-1549. 
Berrang, M. E., Meinersmann, R. 
J., Northcutt, J. K. & Smith, 
D. P. (2002) Molecular 
characterization of Listeria 
monocytogenes isolated 
from a poultry further 
processing facility and from 
fully cooked product. J Food 
Prot 65: 1574-1579. 
Bertsch, D., Rau, J., Eugster, M. R., 
Haug, M. C., Lawson, P. A., 
Lacroix, C. & Meile, L. 
(2013) Listeria 
fleischmannii sp. nov., 
isolated from cheese. Int J 
Syst Evol Microbiol 63: 
526-532. 
Bērziņš, A., Hellström, S., Siliņš, I. 
& Korkeala, H. (2010) 
Contamination patterns of 
 74 
Listeria monocytogenes in 
cold-smoked pork 
processing. J Food Prot 73: 
2103-2109. 
Betriu, C., Fuentemilla, S., 
Méndez, R., Picazo, J. J. & 
García-Sánchez, J. (2001) 
Endophthalmitis caused by 
Listeria monocytogenes. J 
Clin Microbiol 39: 2742-
2744. 
Beumer, R. R., Te Giffel, M. C., 
Cox, L. J., Rombouts, F. M. 
& Abee, T. (1994) Effect of 
exogenous proline, betaine, 
and carnitine on growth of 
Listeria monocytogenes in a 
minimal medium. Appl 
Environ Microbiol 60: 
1359-1363. 
Bibb, W. F., Gellin, B. G., Weaver, 
R., Schwartz, B., Plikaytis, 
B. D., Reeves, M. W., 
Pinner, R. W. & Broome, C. 
V. (1990) Analysis of clinical 
and food-borne isolates of 
Listeria monocytogenes in 
the United States by 
multilocus enzyme 
electrophoresis and 
application of the method to 
epidemiologic 
investigations. Appl 
Environ Microbiol 56: 
2133-2141. 
Bibb, W. F., Schwartz, B., Gellin, B. 
G., Plikaytis, B. D. & 
Weaver, R. E. (1989) 
Analysis of Listeria 
monocytogenes by 
multilocus enzyme 
electrophoresis and 
application of the method to 
epidemiologic 
investigations. Int J Food 
Microbiol 8: 233-239. 
Bielecki, P., Jensen, V., Schulze, 
W., Gödeke, J., Strehmel, J., 
Eckweiler, D., Nicolai, T., 
Bielecka, A., Wille, T., 
Gerlach, R. G. & Häussler, 
S. (2015) Cross talk between 
the response regulators 
PhoB and TctD allows for 
the integration of diverse 
environmental signals in 
Pseudomonas aeruginosa. 
Nucleic Acids Res 43: 6413-
6425. 
Bishop, D. K. & Hinrichs, D. J. 
(1987) Adoptive transfer of 
immunity to Listeria 
monocytogenes. The 
influence of in vitro 
stimulation on lymphocyte 
subset requirements. J 
Immunol 139: 2005-2009. 
Blériot, C., Dupuis, T., Jouvion, G., 
Eberl, G., Disson, O. & 
Lecuit, M. (2015) Liver-
resident macrophage 
necroptosis orchestrates 
type 1 microbicidal 
inflammation and type-2-
mediated tissue repair 
during bacterial infection. 
Immunity 42: 145-158. 
Boerlin, P., Rocourt, J., Grimont, 
F., Grimont, P. A., Jacquet, 
C. & Piffaretti, J.-C. (1992) 
Listeria ivanovii subsp. 
londoniensis subsp. nov. Int 
J Syst Evol Microbiol 42: 
69-73. 
Bojer, M. S., Hammerum, A. M., 
Jørgensen, S. L., Hansen, F., 
Olsen, S. S., Krogfelt, K. A. 
& Struve, C. (2012) 
Concurrent emergence of 
multidrug resistance and 
heat resistance by CTX-M-
15-encoding conjugative 
plasmids in Klebsiella 
pneumoniae. APMIS 120: 
699-705. 
Bojer, M. S., Struve, C., Ingmer, 
H., Hansen, D. S. & 
Krogfelt, K. A. (2010) Heat 
resistance mediated by a 
new plasmid encoded Clp 
ATPase, ClpK, as a possible 
novel mechanism for 
nosocomial persistence of 
Klebsiella pneumoniae. 
PLoS One 5: e15467. 
Borezee, E., Msadek, T., Durant, L. 
& Berche, P. (2000) 
Identification in Listeria 
monocytogenes of MecA, a 
homologue of the Bacillus 
subtilis competence 
 75 
regulatory protein. J 
Bacteriol 182: 5931-5934. 
Bowman, J. P., Hages, E., Nilsson, 
R. E., Kocharunchitt, C. & 
Ross, T. (2012) 
Investigation of the Listeria 
monocytogenes Scott A acid 
tolerance response and 
associated physiological and 
phenotypic features via 
whole proteome analysis. J 
Proteome Res 11: 2409-
2426. 
Bradshaw, J. G., Peeler, J T.., 
Corwin, J. J., Hunt, J. M., 
Tierney, J. T., Larkin, E. P. 
& Twedt, R. M. (1985) 
Thermal resistance of 
Listeria monocytogenes in 
milk. J Food Prot 48: 743-
745. 
Braun, U., Stehle, C. & 
Ehrensperger, F. (2002) 
Clinical findings and 
treatment of listeriosis in 67 
sheep and goats. Vet Rec 
150: 38-42. 
Brul, S., Bassett, J., Cook, P., 
Kathariou, S., McClure, P., 
Jasti, P. R. & Betts, R. 
(2012) ‘Omics’ technologies 
in quantitative microbial 
risk assessment. Trends 
Food Sci Technol 27: 12-24. 
Brøndsted, L., Kallipolitis, B. H., 
Ingmer, H. & Knöchel, S. 
(2003) kdpE and a putative 
RsbQ homologue contribute 
to growth of Listeria 
monocytogenes at high 
osmolarity and low 
temperature. FEMS 
Microbiol Lett 219: 233-
239. 
Bucur, F. I., Grigore-Gurgu, L., 
Crauwels, P., Riedel, C. U. & 
Nicolau, A. I. (2018) 
Resistance of Listeria 
monocytogenes to stress 
conditions encountered in 
food and food processing 
environments. Front 
Microbiol 9: 2700. 
Cabiscol, E., Tamarit, J. & Ros, J. 
(2000) Oxidative stress in 
bacteria and protein 
damage by reactive oxygen 
species. Int Microbiol 3: 3-
8. 
Cacace, G., Mazzeo, M. F., 
Sorrentino, A., Spada, V., 
Malorni, A. & Siciliano, R. 
A. (2010) Proteomics for the 
elucidation of cold 
adaptation mechanisms in 
Listeria monocytogenes. J 
Proteomics 73: 2021-2030. 
Cai, S. J. & Inouye, M. (2002) 
EnvZ-OmpR interaction 
and osmoregulation in 
Escherichia coli. J Biol 
Chem 277: 24155-24161. 
Camejo, A., Buchrieser, C., Couvé, 
E., Carvalho, F., Reis, O., 
Ferreira, P., Sousa, S., 
Cossart, P. & Cabanes, D. 
(2009) In vivo 
transcriptional profiling of 
Listeria monocytogenes 
and mutagenesis identify 
new virulence factors 
involved in infection. PLoS 
Pathog 5: e1000449. 
Campero, C. M., Odeón, A. C., 
Cipolla, A. L., Moore, D. P., 
Poso, M. A. & Odriozola, E. 
(2002) Demonstration of 
Listeria monocytogenes by 
immunohistochemistry in 
formalin-fixed brain tissues 
from natural cases of ovine 
and bovine encephalitis. J 
Vet Med B Infect Dis Vet 
Public Health 49: 379-383. 
Canchaya, C., Giubellini, V., 
Ventura, M., de los Reyes-
Gavilán, C. G. & Margolles, 
A. (2010) Mosaic-like 
sequences containing 
transposon, phage, and 
plasmid elements among 
Listeria monocytogenes 
plasmids. Appl Environ 
Microbiol 76: 4851-4857. 
Cao, Q., Feng, F., Wang, H., Xu, X., 
Chen, H., Cai, X. & Wang, 
X. (2018) Haemophilus 
parasuis CpxRA two-
component system confers 
bacterial tolerance to 
environmental stresses and 
 76 
macrolide resistance. 
Microbiol Res 206: 177-185. 
Carattoli, A., Aschbacher, R., 
March, A., Larcher, C., 
Livermore, D. M. & 
Woodford, N. (2010) 
Complete nucleotide 
sequence of the IncN 
plasmid pKOX105 encoding 
VIM-1, QnrS1 and SHV-12 
proteins in 
Enterobacteriaceae from 
Bolzano, Italy compared 
with IncN plasmids 
encoding KPC enzymes in 
the USA. J Antimicrob 
Chemother 65: 2070-2075. 
Carrique-Mas, J. J., Hökeberg, I., 
Andersson, Y., Arneborn, 
M., Tham, W., Danielsson-
Tham, M.-L., Osterman, B., 
Leffler, M., Steen, M., 
Eriksson, E., Hedin, G. & 
Giesecke, J. (2003) Febrile 
gastroenteritis after eating 
on-farm manufactured fresh 
cheese – an outbreak of 
listeriosis? Epidemiol Infect 
130: 79-86. 
Cartwright, E. J., Jackson, K. A., 
Johnson, S. D., Graves, L. 
M., Silk, B. J. & Mahon, B. 
E. (2013) Listeriosis 
outbreaks and associated 
food vehicles, United States, 
1998-2008. Emerg Infect 
Dis 19: 1-9. 
Casino, P., Rubio, V. & Marina, A. 
(2010) The mechanism of 
signal transduction by two-
component systems. Curr 
Opin Struct Biol 20: 763-
771. 
Castro, H., Jaakkonen, A., 
Hakkinen, M., Korkeala, H. 
& Lindström, M. (2018) 
Occurrence, persistence, 
and contamination routes of 
Listeria monocytogenes 
genotypes on three Finnish 
dairy cattle farms: a 
longitudinal study. Appl 
Environ Microbiol 84: 
e02000-17. 
Castro, H., Ruusunen, M. & 
Lindström, M. (2017) 
Occurrence and growth of 
Listeria monocytogenes in 
packaged raw milk. Int J 
Food Microbiol 261: 1-10. 
CDC (Centers for Disease Control 
and Prevention). (2013) 
Vital signs: Listeria 
illnesses, deaths, and 
outbreaks – United States, 
2009-2011. MMWR Morb 
Mortal Wkly Rep 62: 448-
452. 
Chan, Y. C., Boor, K. J. & 
Wiedmann, M. (2007a) σB-
dependent and σB-
independent mechanisms 
contribute to transcription 
of Listeria monocytogenes 
cold stress genes during 
cold shock and cold growth. 
Appl Environ Microbiol 73: 
6019-6029. 
Chan, Y. C., Hu, Y., Chaturongakul, 
S., Files, K. D., Bowen, B. 
M., Boor, K. J. & 
Wiedmann, M. (2008) 
Contributions of two-
component regulatory 
systems, alternative sigma 
factors, and negative 
regulators to Listeria 
monocytogenes cold 
adaptation and cold growth. 
J Food Prot 71: 420-425. 
Chan, Y. C., Raengpradub, S., 
Boor, K. J. & Wiedmann, M. 
(2007b) Microarray-based 
characterization of the 
Listeria monocytogenes 
cold regulon in log- and 
stationary-phase cells. Appl 
Environ Microbiol 73: 
6484-6498. 
Chan, Y. C. & Wiedmann, M. 
(2009) Physiology and 
genetics of Listeria 
monocytogenes survival 
and growth at cold 
temperatures. Crit Rev 
Food Sci Nutr 49: 237-253. 
Chand, P. & Sadana, J. R. (1999) 
Outbreak of Listeria 
ivanovii abortion in sheep 
in India. Vet Rec 145: 83-
84. 
 77 
Chang, C. & Stewart, R. C. (1998) 
The two-component system. 
Regulation of diverse 
signaling pathways in 
prokaryotes and eukaryotes. 
Plant Physiol 117: 723-731. 
Chaturongakul, S., Raengpradub, 
S., Palmer, M. E., Bergholz, 
T. M., Orsi, R. H., Hu, Y., 
Ollinger, J., Wiedmann, M. 
& Boor, K. J. (2011) 
Transcriptomic and 
phenotypic analyses identify 
coregulated, overlapping 
regulons among PrfA, CtsR, 
HrcA, and the alternative 
sigma factors σB, σC, σH, and 
σL in Listeria 
monocytogenes. Appl 
Environ Microbiol 77: 187-
200. 
Chaturongakul, S., Raengpradub, 
S., Wiedmann, M. & Boor, 
K. J. (2008) Modulation of 
stress and virulence in 
Listeria monocytogenes. 
Trends Microbiol 16: 388-
396. 
Chen, L., Keramati, L. & Helmann, 
J. D. (1995) Coordinate 
regulation of Bacillus 
subtilis peroxide stress 
genes by hydrogen peroxide 
and metal ions. Proc Natl 
Acad Sci U S A 92: 8190-
8194. 
Chen, Y., Luo, Y., Curry, P., 
Timme, R., Melka, D., 
Doyle, M., Parish, M., 
Hammack, T. S., Allard, M. 
W., Brown, E. W. & Strain, 
E. A. (2017) Assessing the 
genome level diversity of 
Listeria monocytogenes 
from contaminated ice 
cream and environmental 
samples linked to a 
listeriosis outbreak in the 
United States. PLoS One 12: 
e0171389. 
Cheroutre-Vialette, M., Lebert, I., 
Hebraud, M., Labadie, J. C. 
& Lebert, A. (1998) Effects 
of pH or aw stress on growth 
of Listeria monocytogenes. 
Int J Food Microbiol 42: 71-
77. 
Christiansen, J. K., Larsen, M. H., 
Ingmer, H., Søgaard-
Andersen, L. & Kallipolitis, 
B. H. (2004) The RNA-
binding protein Hfq of 
Listeria monocytogenes: 
role in stress tolerance and 
virulence. J Bacteriol 186: 
3355-3362. 
Cole, M. B., Jones, M. V. & 
Holyoak, C. (1990) The 
effect of pH, salt 
concentration and 
temperature on the survival 
and growth of Listeria 
monocytogenes. J Appl 
Bacteriol 69: 63-72. 
Collins, B., Guinane, C. M., Cotter, 
P. D., Hill, C. & Ross, R. P. 
(2012) Assessing the 
contributions of the LiaS 
histidine kinase to the 
innate resistance of Listeria 
monocytogenes to nisin, 
cephalosporins, and 
disinfectants. Appl Environ 
Microbiol 78: 2923-2929. 
Cordero, N., Maza, F., Navea-
Perez, H., Aravena, A., 
Marquez-Fontt, B., 
Navarrete, P., Figueroa, G., 
González, M., Latorre, M. & 
Reyes-Jara, A. (2016) 
Different transcriptional 
responses from slow and 
fast growth rate strains of 
Listeria monocytogenes 
adapted to low temperature. 
Front Microbiol 7: 229. 
Cossart, P. (2011) Illuminating the 
landscape of host-pathogen 
interactions with the 
bacterium Listeria 
monocytogenes. Proc Natl 
Acad Sci U S A 108: 19484-
19491. 
Cotter, P. D., Draper, L. A., 
Lawton, E. M., Daly, K. M., 
Groeger, D. S., Casey, P. G., 
Ross, R. P. & Hill, C. (2008) 
Listeriolysin S, a novel 
peptide haemolysin 
associated with a subset of 
lineage I Listeria 
 78 
monocytogenes. PLoS 
Pathog 4: e1000144. 
Cotter, P. D., Emerson, N., Gahan, 
C. G. M. & Hill, C. (1999) 
Identification and 
disruption of lisRK, a 
genetic locus encoding a 
two-component signal 
transduction system 
involved in stress tolerance 
and virulence in Listeria 
monocytogenes. J Bacteriol 
181: 6840-6843. 
Cotter, P. D., Gahan, C. G. M. & 
Hill, C. (2000) Analysis of 
the role of the Listeria 
monocytogenes F0F1-
ATPase operon in the acid 
tolerance response. Int J 
Food Microbiol 60: 137-146. 
Cotter, P. D., Gahan, C. G. M. & 
Hill, C. (2001a) A glutamate 
decarboxylase system 
protects Listeria 
monocytogenes in gastric 
fluid. Mol Microbiol 40: 
465-475. 
Cotter, P. D., Guinane, C. M. & 
Hill, C. (2002) The LisRK 
signal transduction system 
determines the sensitivity of 
Listeria monocytogenes to 
nisin and cephalosporins. 
Antimicrob Agents 
Chemother 46: 2784-2790. 
Cotter, P. D. & Hill, C. (2003) 
Surviving the acid test: 
responses of gram-positive 
bacteria to low pH. 
Microbiol Mol Biol Rev 67: 
429-453. 
Cotter, P. D., O'Reilly, K. & Hill, C. 
(2001b) Role of the 
glutamate decarboxylase 
acid resistance system in the 
survival of Listeria 
monocytogenes LO28 in 
low pH foods. J Food Prot 
64: 1362-1368. 
Crim, S. M., Iwamoto, M., Huang, 
J. Y., Griffin, P. M., Gilliss, 
D., Cronquist, A. B., Cartter, 
M., Tobin-D'Angelo, M., 
Blythe, D., Smith, K., 
Lathrop, S., Zansky, S., 
Cieslak, P. R., Dunn, J., 
Holt, K. G., Lance, S., 
Tauxe, R., Henao, O. L. & 
CDC. (2014) Incidence and 
trends of infection with 
pathogens transmitted 
commonly through food – 
Foodborne Diseases Active 
Surveillance Network, 10 
U.S. sites, 2006-2013. 
MMWR Morb Mortal Wkly 
Rep 63: 328-332. 
Csonka, L. N. (1989) Physiological 
and genetic responses of 
bacteria to osmotic stress. 
Microbiol Rev 53: 121-147. 
Cummins, A. J., Fielding, A. K. & 
McLauchlin, J. (1994) 
Listeria ivanovii infection 
in a patient with AIDS. J 
Infect 28: 89-91. 
Dahlsten, E., Zhang, Z., Somervuo, 
P., Minton, N. P., 
Lindström, M. & Korkeala, 
H. (2014) The cold-induced 
two-component system 
CBO0366/CBO0365 
regulates metabolic 
pathways with novel roles in 
group I Clostridium 
botulinum ATCC 3502 cold 
tolerance. Appl Environ 
Microbiol 80: 306-319. 
Dalton, C. B., Austin, C. C., Sobel, 
J., Hayes, P. S., Bibb, W. F., 
Graves, L. M., 
Swaminathan, B., Proctor, 
M. E. & Griffin, P. M. (1997) 
An outbreak of 
gastroenteritis and fever 
due to Listeria 
monocytogenes in milk. N 
Engl J Med 336: 100-105. 
de las Heras, A., Cain, R. J., 
Bielecka, M. K. & Vázquez-
Boland, J. A. (2011) 
Regulation of Listeria 
virulence: PrfA master and 
commander. Curr Opin 
Microbiol 14: 118-127. 
de Valk, H., Jacquet, C., Goulet, V., 
Vaillant, V., Perra, A., 
Simon, F., Desenclos, J. C. 
& Martin, P. (2005) 
Surveillance of listeria 
infections in Europe. Euro 
Surveill 10: 251-255. 
 79 
del Solar, G., Giraldo, R., Ruiz-
Echevarría, M. J., Espinosa, 
M. & Díaz-Orejas, R. (1998) 
Replication and control of 
circular bacterial plasmids. 
Microbiol Mol Biol Rev 62: 
434-464. 
den Bakker, H. C., Bowen, B. M., 
Rodriguez-Rivera, L. D. & 
Wiedmann, M. (2012) FSL 
J1-208, a virulent 
uncommon phylogenetic 
lineage IV Listeria 
monocytogenes strain with 
a small chromosome size 
and a putative virulence 
plasmid carrying internalin-
like genes. Appl Environ 
Microbiol 78: 1876-1889. 
den Bakker, H. C., Manuel, C. S., 
Fortes, E. D., Wiedmann, 
M. & Nightingale, K. K. 
(2013) Genome sequencing 
identifies Listeria 
fleischmannii subsp. 
coloradonensis subsp. nov., 
isolated from a ranch. Int J 
Syst Evol Microbiol 63: 
3257-3268. 
den Bakker, H. C., Warchocki, S., 
Wright, E. M., Allred, A. F., 
Ahlstrom, C., Manuel, C. S., 
Stasiewicz, M. J., Burrell, 
A., Roof, S., Strawn, L. K., 
Fortes, E., Nightingale, K. 
K., Kephart, D. & 
Wiedmann, M. (2014) 
Listeria floridensis sp. nov., 
Listeria aquatica sp. nov., 
Listeria cornellensis sp. 
nov., Listeria riparia sp. 
nov. and Listeria 
grandensis sp. nov., from 
agricultural and natural 
environments. Int J Syst 
Evol Microbiol 64: 1882-
1889. 
den Besten, H. M. W., Aryani, D. 
C., Metselaar, K. I. & 
Zwietering, M. H. (2017) 
Microbial variability in 
growth and heat resistance 
of a pathogen and a spoiler: 
All variabilities are equal 
but some are more equal 
than others. Int J Food 
Microbiol 240: 24-31. 
Denyer, S. P. (1995) Mechanisms 
of action of antibacterial 
biocides. Int Biodeterior  
Biodegradation 36: 227-
245. 
Derman, Y., Isokallio, M., 
Lindström, M. & Korkeala, 
H. (2013) The two-
component system 
CBO2306/CBO2307 is 
important for cold 
adaptation of Clostridium 
botulinum ATCC 3502. Int J 
Food Microbiol 167: 87-91. 
Derré, I., Rapoport, G. & Msadek, 
T. (1999) CtsR, a novel 
regulator of stress and heat 
shock response, controls clp 
and molecular chaperone 
gene expression in Gram-
positive bacteria. Mol 
Microbiol 31: 117-131. 
Dintner, S., Staroń, A., Berchtold, 
E., Petri, T., Mascher, T. & 
Gebhard, S. (2011) 
Coevolution of ABC 
transporters and two-
component regulatory 
systems as resistance 
modules against 
antimicrobial peptides in 
Firmicutes Bacteria. J 
Bacteriol 193: 3851-3862. 
Disson, O. & Lecuit, M. (2012) 
Targeting of the central 
nervous system by Listeria 
monocytogenes. Virulence 
3: 213-221. 
Dombek, K. M. & Ingram, L. O. 
(1984) Effects of ethanol on 
the Escherichia coli plasma 
membrane. J Bacteriol 157: 
233-239. 
Dons, L., Eriksson, E., Jin, Y., 
Rottenberg, M. E., 
Kristensson, K., Larsen, C. 
N., Bresciani, J. & Olsen, J. 
E. (2004) Role of flagellin 
and the two-component 
CheA/CheY system of 
Listeria monocytogenes in 
host cell invasion and 
virulence. Infect Immun 72: 
3237-3244. 
 80 
Doumith, M., Buchrieser, C., 
Glaser, P., Jacquet, C. & 
Martin, P. (2004) 
Differentiation of the major 
Listeria monocytogenes 
serovars by multiplex PCR. 
J Clin Microbiol 42: 3819-
3822. 
Doyle, M. E., Mazzotta, A. S., 
Wang, T., Wiseman, D. W. 
& Scott, V. N. (2001) Heat 
resistance of Listeria 
monocytogenes. J Food 
Prot 64: 410-429. 
Doyle, M. P., Glass, K. A., Beery, J. 
T., Garcia, G. A., Pollard, D. 
J. & Schultz, R. D. (1987) 
Survival of Listeria 
monocytogenes in milk 
during high-temperature, 
short-time pasteurization. 
Appl Environ Microbiol 53: 
1433-1438. 
Dubrac, S., Bisicchia, P., Devine, K. 
M. & Msadek, T. (2008) A 
matter of life and death: cell 
wall homeostasis and the 
WalKR (YycGF) essential 
signal transduction 
pathway. Mol Microbiol 70: 
1307-1322. 
Duché, O., Trémoulet, F., Glaser, 
P. & Labadie, J. (2002a) 
Salt stress proteins induced 
in Listeria monocytogenes. 
Appl Environ Microbiol 68: 
1491-1498. 
Duché, O., Trémoulet, F., Namane, 
A., the European Listeria 
Genome Consortium & 
Labadie, J. (2002b) A 
proteomic analysis of the 
salt stress response of 
Listeria monocytogenes. 
FEMS Microbiol Lett 215: 
183-188. 
Dumont, J. & Cotoni, L. (1921) 
Bacille semblable à celui du 
rouget du porc rencontré 
dans le L.C.R. d’un 
méningitique. Ann Inst 
Pasteur 35: 625-633. 
Dussurget, O., Dumas, E., 
Archambaud, C., Chafsey, I., 
Chambon, C., Hébraud, M. 
& Cossart, P. (2005) 
Listeria monocytogenes 
ferritin protects against 
multiple stresses and is 
required for virulence. 
FEMS Microbiol Lett 250: 
253-261. 
Dutta, V., Elhanafi, D. & 
Kathariou, S. (2013) 
Conservation and 
distribution of the 
benzalkonium chloride 
resistance cassette bcrABC 
in Listeria monocytogenes. 
Appl Environ Microbiol 79: 
6067-6074. 
Dykes, G. A., Geornaras, I., 
Papathanasopoulos, M. A. & 
von Holy, A. (1994) Plasmid 
profiles of Listeria species 
associated with poultry 
processing. Food Microbiol 
11: 519-523. 
Dykes, G. A. & Moorhead, S. M. 
(2000) Survival of osmotic 
and acid stress by Listeria 
monocytogenes strains of 
clinical or meat origin. Int J 
Food Microbiol 56: 161-166. 
Ebe, Y., Hasegawa, G., Takatsuka, 
H., Umezu, H., Mitsuyama, 
M., Arakawa, M., Mukaida, 
N. & Naito, M. (1999) The 
role of Kupffer cells and 
regulation of neutrophil 
migration into the liver by 
macrophage inflammatory 
protein-2 in primary 
listeriosis in mice. Pathol 
Int 49: 519-532. 
ECDC (European Centre for 
Disease Prevention and 
Control). (2016) Annual 
epidemiological report 2016 
– listeriosis. 
https://ecdc.europa.eu/en/
publications-
data/listeriosis-annual-
epidemiological-report-
2016-2014-data Accessed at 
27 Mar 2019. 
Elhanafi, D., Dutta, V. & 
Kathariou, S. (2010) 
Genetic characterization of 
plasmid-associated 
benzalkonium chloride 
resistance determinants in a 
 81 
Listeria monocytogenes 
strain from the 1998-1999 
outbreak. Appl Environ 
Microbiol 76: 8231-8238. 
Ericsson, H., Danielsson-Tham, 
M.-L., Stålhandske, P., 
Tham, W. & Ursing, J. 
(1993) Subtyping of a 
frequent phagovar of 
Listeria monocytogenes in 
Sweden by use of restriction 
endonuclease analysis. 
APMIS 101: 971-974. 
Ericsson, H., Eklöw, A., 
Danielsson-Tham, M.-L., 
Loncarevic, S., Mentzing, 
L.-O., Persson, I., 
Unnerstad, H. & Tham, W. 
(1997) An outbreak of 
listeriosis suspected to have 
been caused by rainbow 
trout. J Clin Microbiol 35: 
2904-2907. 
Evans, J. R., Allen, A. C., Stinson, 
D. A., Bortolussi, R. & 
Peddle, L. J. (1985) 
Perinatal listeriosis: report 
of an outbreak. Pediatr 
Infect Dis 4: 237-241. 
Fabret, C. & Hoch, J. A. (1998) A 
two-component signal 
transduction system 
essential for growth of 
Bacillus subtilis: 
implications for anti-
infective therapy. J 
Bacteriol 180: 6375-6383. 
Faleiro, M. L., Andrew, P. W. & 
Power, D. (2003) Stress 
response of Listeria 
monocytogenes isolated 
from cheese and other 
foods. Int J Food Microbiol 
84: 207-216. 
Farber, J. M., Daley, E., Coates, F., 
Beausoleil, N. & Fournier, J. 
(1991) Feeding trials of 
Listeria monocytogenes 
with a nonhuman primate 
model. J Clin Microbiol 29: 
2606-2608. 
Farber, J. M. & Pagotto, F. (1992) 
The effect of acid shock on 
the heat resistance of 
Listeria monocytogenes. 
Lett Appl Microbiol 15: 197-
201. 
Fernández, L., Gooderham, W. J., 
Bains, M., McPhee, J. B., 
Wiegand, I. & Hancock, R. 
E. W. (2010) Adaptive 
resistance to the "last hope" 
antibiotics polymyxin B and 
colistin in Pseudomonas 
aeruginosa is mediated by 
the novel two-component 
regulatory system ParR-
ParS. Antimicrob Agents 
Chemother 54: 3372-3382. 
Ferreira, A., O'Byrne, C. P. & Boor, 
K. J. (2001) Role of σB in 
heat, ethanol, acid, and 
oxidative stress resistance 
and during carbon 
starvation in Listeria 
monocytogenes. Appl 
Environ Microbiol 67: 
4454-4457. 
Fistrovici, E. & Collins-Thompson, 
D. L. (1990) Use of plasmid 
profiles and restriction 
endonuclease digest in 
environmental studies of 
Listeria spp. from raw milk. 
Int J Food Microbiol 10: 43-
50. 
Flamm, R. K., Hinrichs, D. J. & 
Thomashow, M. F. (1984) 
Introduction of pAMβ1 into 
Listeria monocytogenes by 
conjugation and homology 
between native L. 
monocytogenes plasmids. 
Infect Immun 44: 157-161. 
Flanary, P. L., Allen, R. D., Dons, 
L. & Kathariou, S. (1999) 
Insertional inactivation of 
the Listeria monocytogenes 
cheYA operon abolishes 
response to oxygen 
gradients and reduces the 
number of flagella. Can J 
Microbiol 45: 646-652. 
Fleming, D. W., Cochi, S. L., 
MacDonald, K. L., 
Brondum, J., Hayes, P. S., 
Plikaytis, B. D., Holmes, M. 
B., Audurier, A., Broome, C. 
V. & Reingold, A. L. (1985) 
Pasteurized milk as a 
vehicle of infection in an 
 82 
outbreak of listeriosis. N 
Engl J Med 312: 404-407. 
Fox, E. M., Allnutt, T., Bradbury, 
M. I., Fanning, S. & 
Chandry, P. S. (2016) 
Comparative genomics of 
the Listeria monocytogenes 
ST204 subgroup. Front 
Microbiol 7: 2057. 
Fox, E. M., Leonard, N. & Jordan, 
K. (2011) Physiological and 
transcriptional 
characterization of 
persistent and 
nonpersistent Listeria 
monocytogenes isolates. 
Appl Environ Microbiol 77: 
6559-6569. 
Francois, K., Devlieghere, F., 
Standaert, A. R., Geeraerd, 
A. H., Van Impe, J. F. & 
Debevere, J. (2006) Effect 
of environmental 
parameters (temperature, 
pH and aw) on the 
individual cell lag phase and 
generation time of Listeria 
monocytogenes. Int J Food 
Microbiol 108: 326-335. 
Fraser, K. R., Sue, D., Wiedmann, 
M., Boor, K. & O'Byrne, C. 
P. (2003) Role of σB in 
regulating the compatible 
solute uptake systems of 
Listeria monocytogenes: 
osmotic induction of opuC 
is σB dependent. Appl 
Environ Microbiol 69: 
2015-2022. 
Fritsch, F., Mauder, N., Williams, 
T., Weiser, J., Oberle, M. & 
Beier, D. (2011) The cell 
envelope stress response 
mediated by the LiaFSRLm 
three-component system of 
Listeria monocytogenes is 
controlled via the 
phosphatase activity of the 
bifunctional histidine kinase 
LiaSLm. Microbiology 157: 
373-386. 
Frost, L. S., Leplae, R., Summers, 
A. O. & Toussaint, A. (2005) 
Mobile genetic elements: 
the agents of open source 
evolution. Nat Rev 
Microbiol 3: 722-732. 
Frye, D. M., Zweig, R., Sturgeon, 
J., Tormey, M., LeCavalier, 
M., Lee, I., Lawani, L. & 
Mascola, L. (2002) An 
outbreak of febrile 
gastroenteritis associated 
with delicatessen meat 
contaminated with Listeria 
monocytogenes. Clin Infect 
Dis 35: 943-949. 
Fuangthong, M., Herbig, A. F., 
Bsat, N. & Helmann, J. D. 
(2002) Regulation of the 
Bacillus subtilis fur and 
perR genes by PerR: not all 
members of the PerR 
regulon are peroxide 
inducible. J Bacteriol 184: 
3276-3286. 
Galinski, E. A. (1995) 
Osmoadaptation in bacteria. 
Adv Microb Physiol 37: 
272-328. 
Galsworthy, S. B., Girdler, S. & 
Koval, S. F. (1990) 
Chemotaxis in Listeria 
monocytogenes. Acta 
Microbiol Hung 37: 81-85. 
Gandhi, M. & Chikindas, M. L. 
(2007) Listeria: a 
foodborne pathogen that 
knows how to survive. Int J 
Food Microbiol 113: 1-15. 
Gao, R. & Stock, A. M. (2009) 
Biological insights from 
structures of two-
component proteins. Annu 
Rev Microbiol 63: 133-54. 
Gardan, R., Duché, O., Leroy-
Sétrin, S., the European 
Listeria Genome 
Consortium & Labadie, J. 
(2003) Role of ctc from 
Listeria monocytogenes in 
osmotolerance. Appl 
Environ Microbiol 69: 154-
161. 
Garmyn, D., Augagneur, Y., Gal, L., 
Vivant, A.-L. & Piveteau, P. 
(2012) Listeria 
monocytogenes differential 
transcriptome analysis 
reveals temperature-
dependent Agr regulation 
 83 
and suggests overlaps with 
other regulons. PLoS One 7: 
e43154. 
George, S. M., Lund, B. M. & 
Brocklehurst, T. F. (1988) 
The effect of pH and 
temperature on initiation of 
growth of Listeria 
monocytogenes. Lett Appl 
Microbiol 6: 153-156. 
Gianfranceschi, M., Gattuso, A., 
Tartaro, S. & Aureli, P. 
(2003) Incidence of Listeria 
monocytogenes in food and 
environmental samples in 
Italy between 1990 and 
1999: serotype distribution 
in food, environmental and 
clinical samples. Eur J 
Epidemiol 18: 1001-1006. 
Gilmour, M. W., Graham, M., Van 
Domselaar, G., Tyler, S., 
Kent, H., Trout-Yakel, K. 
M., Larios, O., Allen, V., 
Lee, B. & Nadon, C. (2010) 
High-throughput genome 
sequencing of two Listeria 
monocytogenes clinical 
isolates during a large 
foodborne outbreak. BMC 
Genomics 11: 120. 
Gilot, P., Genicot, A. & André, P. 
(1996) Serotyping and 
esterase typing for analysis 
of Listeria monocytogenes 
populations recovered from 
foodstuffs and from human 
patients with listeriosis in 
Belgium. J Clin Microbiol 
34: 1007-1010. 
Giotis, E. S., Blair, I. S. & 
McDowell, D. A. (2007a) 
Morphological changes in 
Listeria monocytogenes 
subjected to sublethal 
alkaline stress. Int J Food 
Microbiol 120: 250-258. 
Giotis, E. S., Julotok, M., 
Wilkinson, B. J., Blair, I. S. 
& McDowell, D. A. (2008a) 
Role of sigma B factor in the 
alkaline tolerance response 
of Listeria monocytogenes 
10403S and cross-
protection against 
subsequent ethanol and 
osmotic stress. J Food Prot 
71: 1481-1485. 
Giotis, E. S., McDowell, D. A., 
Blair, I. S. & Wilkinson, B. J. 
(2007b) Role of branched-
chain fatty acids in pH 
stress tolerance in Listeria 
monocytogenes. Appl 
Environ Microbiol 73: 997-
1001. 
Giotis, E. S., Muthaiyan, A., Blair, 
I. S., Wilkinson, B. J. & 
McDowell, D. A. (2008b) 
Genomic and proteomic 
analysis of the Alkali-
Tolerance Response (AlTR) 
in Listeria monocytogenes 
10403S. BMC Microbiol 8: 
102. 
Giotis, E. S., Muthaiyan, A., 
Natesan, S., Wilkinson, B. 
J., Blair, I. S. & McDowell, 
D. A. (2010) Transcriptome 
analysis of alkali shock and 
alkali adaptation in Listeria 
monocytogenes 10403S. 
Foodborne Pathog Dis 7: 
1147-1157. 
Glaser, P., Frangeul, L., 
Buchrieser, C., Rusniok, C., 
Amend, A., Baquero, F., 
Berche, P., Bloecker, H., 
Brandt, P., Chakraborty, T., 
Charbit, A., Chetouani, F., 
Couvé, E., de Daruvar, A., 
Dehoux, P., Domann, E., 
Domínguez-Bernal, G., 
Duchaud, E., Durant, L., 
Dussurget, O., Entian, K.-
D., Fsihi, H., Garcia-Del 
Portillo, F., Garrido, P., 
Gautier, L., Goebel, W., 
Gómez-López, N., Hain, T., 
Hauf, J., Jackson, D., Jones, 
L.-M., Kaerst, U., Kreft, J., 
Kuhn, M., Kunst, F., 
Kurapkat, G., Madueño, E., 
Maitournam, A., Vicente, J. 
M., Ng, E., Nedjari, H., 
Nordsiek, G., Novella, S., de 
Pablos, B., Pérez-Díaz, J.-C., 
Purcell, R., Remmel, B., 
Rose, M., Schlueter, T., 
Simoes, N., Tierrez, A., 
Vázquez-Boland, J.-A., 
Voss, H., Wehland, J. & 
 84 
Cossart, P. (2001) 
Comparative genomics of 
Listeria species. Science 
294: 849-852. 
Godshall, C. E., Suh, G. & Lorber, 
B. (2013) Cutaneous 
listeriosis. J Clin Microbiol 
51: 3591-3596. 
Goessweiner-Mohr, N., Arends, K., 
Keller, W. & Grohmann, E. 
(2014) Conjugation in 
Gram-positive bacteria. 
Microbiol Spectr 2: PLAS-
0004-2013. 
Gold, R. S., Meagher, M. M., 
Hutkins, R. & Conway, T. 
(1992) Ethanol tolerance 
and carbohydrate 
metabolism in lactobacilli. J 
Ind Microbiol 10: 45-54. 
Gorski, L., Flaherty, D. & Duhé, J. 
M. (2008) Comparison of 
the stress response of 
Listeria monocytogenes 
strains with sprout 
colonization. J Food Prot 
71: 1556-1562. 
Gottschalk, S., Bygebjerg-Hove, I., 
Bonde, M., Nielsen, P. K., 
Nguyen, T. H., Gravesen, A. 
& Kallipolitis, B. H. (2008) 
The two-component system 
CesRK controls the 
transcriptional induction of 
cell envelope-related genes 
in Listeria monocytogenes 
in response to cell wall-
acting antibiotics. J 
Bacteriol 190: 4772-4776. 
Gouin, E., Mengaud, J. & Cossart, 
P. (1994) The virulence gene 
cluster of Listeria 
monocytogenes is also 
present in Listeria ivanovii, 
an animal pathogen, and 
Listeria seeligeri, a 
nonpathogenic species. 
Infect Immun 62: 3550-
3553. 
Goulet, V., Hebert, M., Hedberg, 
C., Laurent, E., Vaillant, V., 
de Valk, H. & Desenclos, J. 
C. (2012) Incidence of 
listeriosis and related 
mortality among groups at 
risk of acquiring listeriosis. 
Clin Infect Dis 54: 652-660. 
Goulet, V., King, L. A., Vaillant, V. 
& de Valk, H. (2013) What 
is the incubation period for 
listeriosis? BMC Infect Dis 
13: 11. 
Goulet, V. & Marchetti, P. (1996) 
Listeriosis in 225 non-
pregnant patients in 1992: 
clinical aspects and 
outcome in relation to 
predisposing conditions. 
Scand J Infect Dis 28: 367-
374. 
Goulian, M. (2010) Two-
component signaling circuit 
structure and properties. 
Curr Opin Microbiol 13: 
184-189. 
Grad, Y. H. & Fortune, S. M. 
(2016) Biodiversity and 
hypervirulence of Listeria 
monocytogenes. Nat Genet 
48: 229-230. 
Graves, L. M., Helsel, L. O., 
Steigerwalt, A. G., Morey, R. 
E., Daneshvar, M. I., Roof, 
S. E., Orsi, R. H., Fortes, E. 
D., Milillo, S. R., den 
Bakker, H. C., Wiedmann, 
M., Swaminathan, B. & 
Sauders, B. D. (2010) 
Listeria marthii sp. nov., 
isolated from the natural 
environment, Finger Lakes 
National Forest. Int J Syst 
Evol Microbiol 60: 1280-
1288. 
Graves, L. M., Swaminathan, B., 
Reeves, M. W., Hunter, S. 
B., Weaver, R. E., Plikaytis, 
B. D. & Schuchat, A. (1994) 
Comparison of ribotyping 
and multilocus enzyme 
electrophoresis for 
subtyping of Listeria 
monocytogenes isolates. J 
Clin Microbiol 32: 2936-
2943. 
Graves, L. M., Swaminathan, B., 
Reeves, M. W. & Wenger, J. 
(1991) Ribosomal DNA 
fingerprinting of Listeria 
monocytogenes using a 
digoxigenin-labeled DNA 
 85 
probe. Eur J Epidemiol 7: 
77-82. 
Gray, M. L. (1963) 
Epidermiological aspects of 
listeriosis. Am J Public 
Health Nations Health 53: 
554-563. 
Gray, M. L. & Killinger, A. H. 
(1966) Listeria 
monocytogenes and listeric 
infections. Bacteriol Rev 
30: 309-382. 
Gregory, S. H. & Liu, C.-C. (2000) 
CD8+ T-cell-mediated 
response to Listeria 
monocytogenes taken up in 
the liver and replicating 
within hepatocytes. 
Immunol Rev 174: 112-122. 
Grubaugh, D., Regeimbal, J. M., 
Ghosh, P., Zhou, Y., Lauer, 
P., Dubensky, T. W., Jr., & 
Higgins, D. E. (2018) The 
VirAB ABC transporter is 
required for VirR regulation 
of Listeria monocytogenes 
virulence and resistance to 
nisin. Infect Immun 86: 
e00901-17. 
Guckes, K. R., Breland, E. J., 
Zhang, E. W., Hanks, S. C., 
Gill, N. K., Algood, H. M., 
Schmitz, J. E., Stratton, C. 
W. & Hadjifrangiskou, M. 
(2017) Signaling by two-
component system 
noncognate partners 
promotes intrinsic tolerance 
to polymyxin B in 
uropathogenic Escherichia 
coli. Sci Signal 10: eaag1775. 
Gueriri, I., Cyncynatus, C., Dubrac, 
S., Toledo-Arana, A., 
Dussurget, O. & Msadek, T. 
(2008) The DegU orphan 
response regulator of 
Listeria monocytogenes 
autorepresses its own 
synthesis and is required for 
bacterial motility, virulence 
and biofilm formation. 
Microbiology 154: 2251-
2264. 
Guglielmetti, E., Korhonen, J. M., 
Heikkinen, J., Morelli, L. & 
von Wright, A. (2009) 
Transfer of plasmid-
mediated resistance to 
tetracycline in pathogenic 
bacteria from fish and 
aquaculture environments. 
FEMS Microbiol Lett 293: 
28-34. 
Guillet, C., Join-Lambert, O., Le 
Monnier, A., Leclercq, A., 
Mechaï, F., Mamzer-
Bruneel, M.-F., Bielecka, M. 
K., Scortti, M., Disson, O., 
Berche, P., Vazquez-Boland, 
J., Lortholary, O. & Lecuit, 
M. (2010) Human listeriosis 
caused by Listeria ivanovii. 
Emerg Infect Dis 16: 136-
138. 
Gullberg, E., Albrecht, L. M., 
Karlsson, C., Sandegren, L. 
& Andersson, D. I. (2014) 
Selection of a multidrug 
resistance plasmid by 
sublethal levels of 
antibiotics and heavy 
metals. MBio 5: e01918-14. 
Gutierrez, C., Abee, T. & Booth, I. 
R. (1995) Physiology of the 
osmotic stress response in 
microorganisms. Int J Food 
Microbiol 28: 233-244. 
Haase, J. K., Didelot, X., Lecuit, 
M., Korkeala, H., L. 
monocytogenes MLST 
Study Group & Achtman, M. 
(2014) The ubiquitous 
nature of Listeria 
monocytogenes clones: a 
large-scale Multilocus 
Sequence Typing study. 
Environ Microbiol 16: 405-
416. 
Hadorn, K., Hächler, H., Schaffner, 
A. & Kayser, F. H. (1993) 
Genetic characterization of 
plasmid-encoded multiple 
antibiotic resistance in a 
strain of Listeria 
monocytogenes causing 
endocarditis. Eur J Clin 
Microbiol Infect Dis 12: 
928-937. 
Haft, R. J. F., Keating, D. H., 
Schwaegler, T., Schwalbach, 
M. S., Vinokur, J., 
Tremaine, M., Peters, J. M., 
 86 
Kotlajich, M. V., Pohlmann, 
E. L., Ong, I. M., Grass, J. 
A., Kiley, P. J. & Landick, R. 
(2014) Correcting direct 
effects of ethanol on 
translation and 
transcription machinery 
confers ethanol tolerance in 
bacteria. Proc Natl Acad Sci 
U S A 111: E2576-E2585. 
Hanawa, T., Kai, M., Kamiya, S. & 
Yamamoto, T. (2000) 
Cloning, sequencing, and 
transcriptional analysis of 
the dnaK heat shock operon 
of Listeria monocytogenes. 
Cell Stress Chaperones 5: 
21-29. 
Harter, E., Wagner, E. M., Zaiser, 
A., Halecker, S., Wagner, M. 
& Rychli, K. (2017) Stress 
survival islet 2, 
predominantly present in 
Listeria monocytogenes 
strains of sequence type 121, 
is involved in the alkaline 
and oxidative stress 
responses. Appl Environ 
Microbiol 83: e00827-17. 
Hayakawa, T., Tanaka, T., 
Sakaguchi, K., Ōtake, N. & 
Yonehara, H. (1979) A 
linear plasmid-like DNA in 
Streptomyces sp. producing 
lankacidin group 
antibiotics. J Gen Appl 
Microbiol 25: 255-260. 
Hébraud, M. & Guzzo, J. (2000) 
The main cold shock protein 
of Listeria monocytogenes 
belongs to the family of 
ferritin-like proteins. FEMS 
Microbiol Lett 190: 29-34. 
Hébraud, M. & Potier, P. (1999) 
Cold shock response and 
low temperature adaptation 
in psychrotrophic bacteria. 
J Mol Microbiol Biotechnol 
1: 211-219. 
Helmann, J. D., Wu, M. F. W., 
Gaballa, A., Kobel, P. A., 
Morshedi, M. M., Fawcett, 
P. & Paddon, C. (2003) The 
global transcriptional 
response of Bacillus subtilis 
to peroxide stress is 
coordinated by three 
transcription factors. J 
Bacteriol 185: 243-253. 
Herbig, A. F. & Helmann, J. D. 
(2001) Roles of metal ions 
and hydrogen peroxide in 
modulating the interaction 
of the Bacillus subtilis PerR 
peroxide regulon repressor 
with operator DNA. Mol 
Microbiol 41: 849-859. 
Herrero, A., Mendoza, M. C., 
Rodicio, R. & Rodicio, M. R. 
(2008) Characterization of 
pUO-StVR2, a virulence-
resistance plasmid evolved 
from the pSLT virulence 
plasmid of Salmonella 
enterica serovar 
Typhimurium. Antimicrob 
Agents Chemother 52: 
4514-4517. 
Hill, C., O'Driscoll, B. & Booth, I. 
(1995) Acid adaptation and 
food poisoning 
microorganisms. Int J Food 
Microbiol 28: 245-254. 
Hinderink, K., Lindström, M. & 
Korkeala, H. (2009) Group I 
Clostridium botulinum 
strains show significant 
variation in growth at low 
and high temperatures. J 
Food Prot 72: 375-383. 
Hingston, P., Chen, J., Allen, K., 
Truelstrup Hansen, L. & 
Wang, S. (2017a) Strand 
specific RNA-sequencing 
and membrane lipid 
profiling reveals growth 
phase-dependent cold stress 
response mechanisms in 
Listeria monocytogenes. 
PLoS One 12: e0180123. 
Hingston, P., Chen, J., Dhillon, B. 
K., Laing, C., Bertelli, C., 
Gannon, V., Tasara, T., 
Allen, K., Brinkman, F. S. 
L., Truelstrup Hansen, L. & 
Wang, S. (2017b) Genotypes 
associated with Listeria 
monocytogenes isolates 
displaying impaired or 
enhanced tolerances to cold, 
salt, acid, or desiccation 
 87 
stress. Front Microbiol 8: 
369. 
Hingston, P. A., Piercey, M. J. & 
Truelstrup Hansen, L. 
(2015) Genes associated 
with desiccation and 
osmotic stress in Listeria 
monocytogenes as revealed 
by insertional mutagenesis. 
Appl Environ Microbiol 81: 
5350-5362. 
Hinnebusch, J. & Tilly, K. (1993) 
Linear plasmids and 
chromosomes in bacteria. 
Mol Microbiol 10: 917-922. 
Hoffman, A. D., Gall, K. L., Norton, 
D. M. & Wiedmann, M. 
(2003) Listeria 
monocytogenes 
contamination patterns for 
the smoked fish processing 
environment and for raw 
fish. J Food Prot 66: 52-60. 
Houari, A. & Di Martino, P. (2007) 
Effect of chlorhexidine and 
benzalkonium chloride on 
bacterial biofilm formation. 
Lett Appl Microbiol 45: 
652-656. 
Hu, Y., Oliver, H. F., Raengpradub, 
S., Palmer, M. E., Orsi, R. 
H., Wiedmann, M. & Boor, 
K. J. (2007a) 
Transcriptomic and 
phenotypic analyses suggest 
a network between the 
transcriptional regulators 
HrcA and σB in Listeria 
monocytogenes. Appl 
Environ Microbiol 73: 7981-
7991. 
Hu, Y., Raengpradub, S., Schwab, 
U., Loss, C., Orsi, R. H., 
Wiedmann, M. & Boor, K. J. 
(2007b) Phenotypic and 
transcriptomic analyses 
demonstrate interactions 
between the transcriptional 
regulators CtsR and sigma B 
in Listeria monocytogenes. 
Appl Environ Microbiol 73: 
7967-7980. 
Hudson, J. A., Mott, S. J. & 
Penney, N. (1994) Growth 
of Listeria monocytogenes, 
Aeromonas hydrophila, and 
Yersinia enterocolitica on 
vacuum and saturated 
carbon dioxide controlled 
atmosphere-packaged sliced 
roast beef. J Food Prot 57: 
204-208. 
Hülphers, G. (1911) Lefvernekros 
hos kanin orsakad af en ej 
förut beskrifven bakterie. 
Sven Vet Tidskr 2: 265-273. 
Huffer, S., Clark, M. E., Ning, J. C., 
Blanch, H. W. & Clark, D. S. 
(2011) Role of alcohols in 
growth, lipid composition, 
and membrane fluidity of 
yeasts, bacteria, and 
archaea. Appl Environ 
Microbiol 77: 6400-6408. 
Husu, J. R. (1990) Epidemiological 
studies on the occurrence of 
Listeria monocytogenes in 
the feces of dairy cattle. 
Zentralbl Veterinarmed B 
37: 276-282. 
Husu, J. R., Sivelä, S. K. & 
Rauramaa, A. L. (1990a) 
Prevalence of Listeria 
species as related to 
chemical quality of farmǦ
ensiled grass. Grass Forage 
Sci 45: 309-314. 
Husu, J. R., Seppänen, J. T., 
Sivelä, S. K. & Rauramaa, A. 
L. (1990b) Contamination 
of raw milk by Listeria 
monocytogenes on dairy 
farms. Zentralbl 
Veterinarmed B 37: 268-
275. 
Imlay, J. A. (2002) How oxygen 
damages microbes: oxygen 
tolerance and obligate 
anaerobiosis. Adv Microb 
Physiol 46: 111-153. 
Imlay, J. A. (2015a) Diagnosing 
oxidative stress in bacteria: 
not as easy as you might 
think. Curr Opin Microbiol 
24: 124-131. 
Imlay, J. A. (2015b) Transcription 
factors that defend bacteria 
against reactive oxygen 
species. Annu Rev 
Microbiol 69: 93-108. 
Ingram, L. O. (1976) Adaptation of 
membrane lipids to 
 88 
alcohols. J Bacteriol 125: 
670-678. 
Ingram, L. O. (1990) Ethanol 
tolerance in bacteria. Crit 
Rev Biotechnol 9: 305-319. 
Ivanov, I. (1962) Untersuchungen 
über die Listeriose der 
Schafe in Bulgarien. 
Monatsh Veterinarmed 17: 
729-736. 
Jacks, A., Pihlajasaari, A., Vahe, 
M., Myntti, A., Kaukoranta, 
S.-S., Elomaa, N., 
Salmenlinna, S., Rantala, L., 
Lahti, K., Huusko, S., Kuusi, 
M., Siitonen, A. & 
Rimhanen-Finne, R. (2016) 
Outbreak of hospital-
acquired gastroenteritis and 
invasive infection caused by 
Listeria monocytogenes, 
Finland, 2012. Epidemiol 
Infect 144: 2732-2742. 
Jacob-Dubuisson, F., Mechaly, A., 
Betton, J.-M. & Antoine, R. 
(2018) Structural insights 
into the signalling 
mechanisms of two-
component systems. Nat 
Rev Microbiol 16: 585-593. 
Jensen, V. B., Harty, J. T. & Jones, 
B. D. (1998) Interactions of 
the invasive pathogens 
Salmonella typhimurium, 
Listeria monocytogenes, 
and Shigella flexneri with M 
cells and murine Peyer's 
patches. Infect Immun 66: 
3758-3766. 
Jiang, X., Yu, T., Liang, Y., Ji, S., 
Guo, X., Ma, J. & Zhou, L. 
(2016) Efflux pump-
mediated benzalkonium 
chloride resistance in 
Listeria monocytogenes 
isolated from retail food. Int 
J Food Microbiol 217: 141-
145. 
Jiang, X., Yu, T., Xu, Y., Wang, H., 
Korkeala, H. & Shi, L. 
(2019) MdrL, a major 
facilitator superfamily efflux 
pump of Listeria 
monocytogenes involved in 
tolerance to benzalkonium 
chloride. Appl Microbiol 
Biotechnol 103: 1339-1350. 
Jones, G. S., Bussell, K. M., Myers-
Morales, T., Fieldhouse, A. 
M., Bou Ghanem, E. N. & 
D'Orazio, S. E. F. (2015) 
Intracellular Listeria 
monocytogenes comprises a 
minimal but vital fraction of 
the intestinal burden 
following foodborne 
infection. Infect Immun 83: 
3146-3156. 
Junttila, J. R., Niemelä, S. I. & 
Hirn, J. (1988) Minimum 
growth temperatures of 
Listeria monocytogenes 
and non-haemolytic listeria. 
J Appl Bacteriol 65: 321-
327. 
Jydegaard-Axelsen, A.-M., Aaes-
Jørgensen, A., Koch, A. G., 
Jensen, J. S. & Knøchel, S. 
(2005) Changes in growth, 
rRNA content, and cell 
morphology of Listeria 
monocytogenes induced by 
CO2 up- and downshift. Int 
J Food Microbiol 98: 145-
155. 
Jørgensen, S. B., Søraas, A., 
Arnesen, L. S., Leegaard, T., 
Sundsfjord, A. & Jenum, P. 
A. (2017) First 
environmental sample 
containing plasmid-
mediated colistin-resistant 
ESBL-producing 
Escherichia coli detected in 
Norway. APMIS 125: 822-
825. 
Kachroo, P., Eraso, J. M., Beres, S. 
B., Olsen, R. J., Zhu, L., 
Nasser, W., Bernard, P. E., 
Cantu, C. C., Saavedra, M. 
O., Arredondo, M. J., 
Strope, B., Do, H., 
Kumaraswami, M., Vuopio, 
J., Gröndahl-Yli-
Hannuksela, K., 
Kristinsson, K. G., 
Gottfredsson, M., Pesonen, 
M., Pensar, J., Davenport, 
E. R., Clark, A. G., 
Corander, J., Caugant, D. 
A., Gaini, S., Magnussen, M. 
 89 
D., Kubiak, S. L., Nguyen, 
H. A. T., Long, S. W., Porter, 
A. R., Deleo, F. R. & Musser, 
J. M. (2019) Integrated 
analysis of population 
genomics, transcriptomics 
and virulence provides 
novel insights into 
Streptococcus pyogenes 
pathogenesis. Nat Genet 51: 
548-559. 
Kado, C. I. (1998) Origin and 
evolution of plasmids. 
Antonie Van Leeuwenhoek 
73: 117-126. 
Kahm, M., Hasenbrink, G., 
Lichtenberg-Fraté, H., 
Ludwig, J. & Kschischo, M. 
(2010) grofit: fitting 
biological growth curves 
with R. J Stat Softw 33: 1-
21. 
Kallipolitis, B. H. & Ingmer, H. 
(2001) Listeria 
monocytogenes response 
regulators important for 
stress tolerance and 
pathogenesis. FEMS 
Microbiol Lett 204: 111-115. 
Kallipolitis, B. H., Ingmer, H., 
Gahan, C. G., Hill, C. & 
Søgaard-Andersen, L. 
(2003) CesRK, a two-
component signal 
transduction system in 
Listeria monocytogenes, 
responds to the presence of 
cell wall-acting antibiotics 
and affects β-lactam 
resistance. Antimicrob 
Agents Chemother 47: 
3421-3429. 
Katharios-Lanwermeyer, S., Rakic-
Martinez, M., Elhanafi, D., 
Ratani, S., Tiedje, J. M. & 
Kathariou, S. (2012) 
Coselection of cadmium and 
benzalkonium chloride 
resistance in conjugative 
transfers from 
nonpathogenic Listeria spp. 
to other Listeriae. Appl 
Environ Microbiol 78: 
7549-7556. 
Kathariou, S. (2002) Listeria 
monocytogenes virulence 
and pathogenicity, a food 
safety perspective. J Food 
Prot 65: 1811-1829. 
Katzav, M., Hyvönen, P., Muje, P., 
Rantala, L. & von Wright, A. 
(2006) Pulsed-field gel 
electrophoresis typing of 
Listeria monocytogenes 
isolated in two Finnish fish 
farms. J Food Prot 69: 
1443-1447. 
Kazmierczak, M. J., Mithoe, S. C., 
Boor, K. J. & Wiedmann, M. 
(2003) Listeria 
monocytogenes σB regulates 
stress response and 
virulence functions. J 
Bacteriol 185: 5722-5734. 
Keim, P., Price, L. B., Klevytska, A. 
M., Smith, K. L., Schupp, J. 
M., Okinaka, R., Jackson, P. 
J. & Hugh-Jones, M. E. 
(2000) Multiple-locus 
variable-number tandem 
repeat analysis reveals 
genetic relationships within 
Bacillus anthracis. J 
Bacteriol 182: 2928-2936. 
Kempf, B. & Bremer, E. (1998) 
Uptake and synthesis of 
compatible solutes as 
microbial stress responses 
to high-osmolality 
environments. Arch 
Microbiol 170: 319-330. 
Keto-Timonen, R. O., Autio, T. J. & 
Korkeala, H. J. (2003) An 
improved amplified 
fragment length 
polymorphism (AFLP) 
protocol for discrimination 
of Listeria isolates. Syst 
Appl Microbiol 26: 236-
244. 
Keto-Timonen, R., Tolvanen, R., 
Lundén, J. & Korkeala, H. 
(2007) An 8-year 
surveillance of the diversity 
and persistence of Listeria 
monocytogenes in a chilled 
food processing plant 
analyzed by amplified 
fragment length 
polymorphism. J Food Prot 
70: 1866-1873. 
 90 
Kim, M., Weigand, M. R., Oh, S., 
Hatt, J. K., Krishnan, R., 
Tezel, U., Pavlostathis, S. G. 
& Konstantinidis, K. T. 
(2018) Widely used 
benzalkonium chloride 
disinfectants can promote 
antibiotic resistance. Appl 
Environ Microbiol 84: 
e01201-18. 
Kirby, J. R. (2009) Chemotaxis-
like regulatory systems: 
unique roles in diverse 
bacteria. Annu Rev 
Microbiol 63: 45-59. 
Knudsen, G. M., Olsen, J. E. & 
Dons, L. (2004) 
Characterization of DegU, a 
response regulator in 
Listeria monocytogenes, 
involved in regulation of 
motility and contributes to 
virulence. FEMS Microbiol 
Lett 240: 171-179. 
Ko, R., Smith, L. T. & Smith, G. M. 
(1994) Glycine betaine 
confers enhanced 
osmotolerance and 
cryotolerance on Listeria 
monocytogenes. J Bacteriol 
176: 426-431. 
Kolstad, J., Rørvik, L. M. & 
Granum, P. E. (1991) 
Characterization of 
plasmids from Listeria sp. 
Int J Food Microbiol 12: 
123-131. 
Koopmans, M. M., Brouwer, M. C., 
Bijlsma, M. W., Bovenkerk, 
S., Keijzers, W., van der 
Ende, A. & van de Beek, D. 
(2013) Listeria 
monocytogenes sequence 
type 6 and increased rate of 
unfavorable outcome in 
meningitis: epidemiologic 
cohort study. Clin Infect Dis 
57: 247-253. 
Korsak, D., Chmielowska, C., 
Szuplewska, M. & Bartosik, 
D. (2019) Prevalence of 
plasmid-borne 
benzalkonium chloride 
resistance cassette bcrABC 
and cadmium resistance 
cadA genes in 
nonpathogenic Listeria spp. 
isolated from food and food-
processing environments. 
Int J Food Microbiol 290: 
247-253. 
Kovacevic, J., Ziegler, J., Wałecka-
Zacharska, E., Reimer, A., 
Kitts, D. D. & Gilmour, M. 
W. (2016) Tolerance of 
Listeria monocytogenes to 
quaternary ammonium 
sanitizers is mediated by a 
novel efflux pump encoded 
by emrE. Appl Environ 
Microbiol 82: 939-953. 
Krell, T., Lacal, J., Busch, A., Silva-
Jiménez, H., Guazzaroni, 
M.-E. & Ramos, J. L. (2010) 
Bacterial sensor kinases: 
diversity in the recognition 
of environmental signals. 
Annu Rev Microbiol 64: 
539-559. 
Kremer, P. H. C., Lees, J. A., 
Koopmans, M. M., 
Ferwerda, B., Arends, A. W. 
M., Feller, M. M., Schipper, 
K., Valls Seron, M., van der 
Ende, A., Brouwer, M. C., 
van de Beek, D. & Bentley, 
S. D. (2017) Benzalkonium 
tolerance genes and 
outcome in Listeria 
monocytogenes meningitis. 
Clin Microbiol Infect 23: 
265.e1-265.e7. 
Kroll, R. G. & Patchett, R. A. (1992) 
Induced acid tolerance in 
Listeria monocytogenes. 
Lett Appl Microbiol 14: 224-
227. 
Krulwich, T. A., Sachs, G. & Padan, 
E. (2011) Molecular aspects 
of bacterial pH sensing and 
homeostasis. Nat Rev 
Microbiol 9: 330-343. 
Kuenne, C., Voget, S., Pischimarov, 
J., Oehm, S., Goesmann, A., 
Daniel, R., Hain, T. & 
Chakraborty, T. (2010) 
Comparative analysis of 
plasmids in the genus 
Listeria. PloS One 5: e12511. 
Kwong, J. C., Mercoulia, K., 
Tomita, T., Easton, M., Li, 
H. Y., Bulach, D. M., 
 91 
Stinear, T. P., Seemann, T. 
& Howden, B. P. (2016) 
Prospective whole-genome 
sequencing enhances 
national surveillance of 
Listeria monocytogenes. J 
Clin Microbiol 54: 333-342. 
Lang Halter, E., Neuhaus, K. & 
Scherer, S. (2013) Listeria 
weihenstephanensis sp. 
nov., isolated from the 
water plant Lemna trisulca 
taken from a freshwater 
pond. Int J Syst Evol 
Microbiol 63: 641-647. 
Larsen, H. E. & Seeliger, H. P. R. 
(1966) A mannitol 
fermenting Listeria: 
Listeria grayi sp. n. In 
Proceedings of the third 
international symposium 
on listeriosis, 13–16 July 
1966, Bilthoven, The 
Netherlands, p. 35. 
Larsen, M. H., Kallipolitis, B. H., 
Christiansen, J. K., Olsen, J. 
E. & Ingmer, H. (2006) The 
response regulator ResD 
modulates virulence gene 
expression in response to 
carbohydrates in Listeria 
monocytogenes. Mol 
Microbiol 61: 1622-1635. 
Laub, M. T. & Goulian, M. (2007) 
Specificity in two-
component signal 
transduction pathways. 
Annu Rev Genet 41: 121-
145. 
Lauer, P., Chow, M. Y. N., 
Loessner, M. J., Portnoy, D. 
A. & Calendar, R. (2002) 
Construction, 
characterization, and use of 
two Listeria monocytogenes 
site-specific phage 
integration vectors. J 
Bacteriol 184: 4177-4186. 
Lawrence, L. M., Harvey, J. & 
Gilmour, A. (1993) 
Development of a random 
amplification of 
polymorphic DNA typing 
method for Listeria 
monocytogenes. Appl 
Environ Microbiol 59: 3117-
3119. 
Lebrun, M., Audurier, A. & 
Cossart, P. (1994) Plasmid-
borne cadmium resistance 
genes in Listeria 
monocytogenes are similar 
to cadA and cadC of 
Staphylococcus aureus and 
are induced by cadmium. J 
Bacteriol 176: 3040-3048. 
Lebrun, M., Loulergue, J., Chaslus-
Dancla, E. & Audurier, A. 
(1992) Plasmids in Listeria 
monocytogenes in relation 
to cadmium resistance. Appl 
Environ Microbiol 58: 
3183-3186. 
Leclercq, A., Clermont, D., Bizet, 
C., Grimont, P. A. D., Le 
Flèche-Matéos, A., Roche, S. 
M., Buchrieser, C., Cadet-
Daniel, V., Le Monnier, A., 
Lecuit, M. & Allerberger, F. 
(2010) Listeria rocourtiae 
sp. nov. Int J Syst Evol 
Microbiol 60: 2210-2214. 
Lecuit, M. (2007) Human 
listeriosis and animal 
models. Microbes Infect 9: 
1216-1225. 
Lee, J.-W. & Helmann, J. D. 
(2006) The PerR 
transcription factor senses 
H2O2 by metal-catalysed 
histidine oxidation. Nature 
440: 363-367. 
Lees, J. A., Vehkala, M., Välimäki, 
N., Harris, S. R., 
Chewapreecha, C., 
Croucher, N. J., Marttinen, 
P., Davies, M. R., Steer, A. 
C., Tong, S. Y. C., Honkela, 
A., Parkhill, J., Bentley, S. 
D. & Corander, J. (2016) 
Sequence element 
enrichment analysis to 
determine the genetic basis 
of bacterial phenotypes. Nat 
Commun 7: 12797. 
Lessing, M. P. A., Curtis, G. D. W. 
& Bowler, I. C. J. (1994) 
Listeria ivanovii infection. J 
Infect 29: 230-231. 
Lianou, A. & Koutsoumanis, K. P. 
(2013) Strain variability of 
 92 
the behavior of foodborne 
bacterial pathogens: a 
review. Int J Food Microbiol 
167: 310-321. 
Lianou, A., Stopforth, J. D., Yoon, 
Y., Wiedmann, M. & Sofos, 
J. N. (2006) Growth and 
stress resistance variation in 
culture broth among 
Listeria monocytogenes 
strains of various serotypes 
and origins. J Food Prot 69: 
2640-2647. 
Linder, P. & Jankowsky, E. (2011) 
From unwinding to 
clamping – the DEAD box 
RNA helicase family. Nat 
Rev Mol Cell Biol 12: 505-
516. 
Lindstedt, B.-A., Tham, W., 
Danielsson-Tham, M.-L., 
Vardund, T., Helmersson, S. 
& Kapperud, G. (2008) 
Multiple-locus variable-
number tandem-repeats 
analysis of Listeria 
monocytogenes using 
multicolour capillary 
electrophoresis and 
comparison with pulsed-
field gel electrophoresis 
typing. J Microbiol Methods 
72: 141-148. 
Lindström, M., Dahlsten, E., 
Söderholm, H., Selby, K., 
Somervuo, P., Heap, J. T., 
Minton, N. P. & Korkeala, 
H. (2012) Involvement of 
two-component system 
CBO0366/CBO0365 in the 
cold shock response and 
growth of group I 
(proteolytic) Clostridium 
botulinum ATCC 3502 at 
low temperatures. Appl 
Environ Microbiol 78: 
5466-5470. 
Linnan, M. J., Mascola, L., Lou, X. 
D., Goulet, V., May, S., 
Salminen, C., Hird, D. W., 
Yonekura, M. L., Hayes, P., 
Weaver, R., Audurier, A., 
Plikaytis, B. D., Fannin, S. 
L., Kleks, A. & Broome, C. V. 
(1988) Epidemic listeriosis 
associated with Mexican-
style cheese. N Engl J Med 
319: 823-828. 
Liu, D., Lawrence, M. L., 
Wiedmann, M., Gorski, L., 
Mandrell, R. E., Ainsworth, 
A. J. & Austin, F. W. (2006) 
Listeria monocytogenes 
subgroups IIIA, IIIB, and 
IIIC delineate genetically 
distinct populations with 
varied pathogenic potential. 
J Clin Microbiol 44: 4229-
4233. 
Liu, S., Graham, J. E., Bigelow, L., 
Morse, P. D., II & 
Wilkinson, B. J. (2002) 
Identification of Listeria 
monocytogenes genes 
expressed in response to 
growth at low temperature. 
Appl Environ Microbiol 68: 
1697-1705. 
Liu, Y., Du, F.-L., Xiang, T.-X., 
Wan, L.-G., Wei, D.-D., Cao, 
X.-W. & Zhang, W. (2019) 
High prevalence of plasmid-
mediated quinolone 
resistance determinants 
among serotype K1 
hypervirulent Klebsiella 
pneumoniae isolates in 
China. Microb Drug Resist 
Online ahead of print: Jan 7 
2019, https://doi-
org.libproxy.helsinki.fi/10.1
089/mdr.2018.0173 
Accessed at 27 Mar 2019 
Liu, Y.-Y., Wang, Y., Walsh, T. R., 
Yi, L.-X., Zhang, R., 
Spencer, J., Doi, Y., Tian, 
G., Dong, B., Huang, X., Yu, 
L.-F., Gu, D., Ren, H., Chen, 
X., Lv, L., He, D., Zhou, H., 
Liang, Z., Liu, J.-H. & Shen, 
J. (2016) Emergence of 
plasmid-mediated colistin 
resistance mechanism 
MCR-1 in animals and 
human beings in China: a 
microbiological and 
molecular biological study. 
Lancet Infect Dis 16: 161-
168. 
Loepfe, C., Raimann, E., Stephan, 
R. & Tasara, T. (2010) 
Reduced host cell 
 93 
invasiveness and oxidative 
stress tolerance in double 
and triple csp gene family 
deletion mutants of Listeria 
monocytogenes. Foodborne 
Pathog Dis 7: 775-783. 
Lois, A. F., Weinstein, M., Ditta, G. 
S. & Helinski, D. R. (1993) 
Autophosphorylation and 
phosphatase activities of the 
oxygen-sensing protein FixL 
of Rhizobium meliloti are 
coordinately regulated by 
oxygen. J Biol Chem 268: 
4370-4375. 
Lopez-Valladares, G., Danielsson-
Tham, M.-L. & Tham, W. 
(2018) Implicated food 
products for listeriosis and 
changes in serovars of 
Listeria monocytogenes 
affecting humans in recent 
decades. Foodborne Pathog 
Dis 15: 387-397. 
López-Prieto, M. D., Aller García, 
A. I., Alcaraz García, S. & 
López Cepero, J. (2000) 
Liver abscess due to Listeria 
monocytogenes. Clin 
Microbiol Infect 6: 226-227. 
Lou, Y. & Yousef, A. E. (1997) 
Adaptation to sublethal 
environmental stresses 
protects Listeria 
monocytogenes against 
lethal preservation factors. 
Appl Environ Microbiol 63: 
1252-1255. 
Lukinmaa, S., Miettinen, M., 
Nakari, U.-M., Korkeala, H. 
& Siitonen, A. (2003) 
Listeria monocytogenes 
isolates from invasive 
infections: variation of sero- 
and genotypes during an 11-
year period in Finland. J 
Clin Microbiol 41: 1694-
1700. 
Lundén, J., Autio, T., Markkula, A., 
Hellström, S. & Korkeala, H. 
(2003a) Adaptive and cross-
adaptive responses of 
persistent and non-
persistent Listeria 
monocytogenes strains to 
disinfectants. Int J Food 
Microbiol 82: 265-272. 
Lundén, J. M., Autio, T. J., 
Sjöberg, A. M. & Korkeala, 
H. J. (2003b) Persistent and 
nonpersistent Listeria 
monocytogenes 
contamination in meat and 
poultry processing plants. J 
Food Prot 66: 2062-2069. 
Lundén, J., Tolvanen, R. & 
Korkeala, H. (2008) Acid 
and heat tolerance of 
persistent and 
nonpersistent Listeria 
monocytogenes food plant 
strains. Lett Appl Microbiol 
46: 276-280. 
Lyautey, E., Hartmann, A., 
Pagotto, F., Tyler, K., Lapen, 
D. R., Wilkes, G., Piveteau, 
P., Rieu, A., Robertson, W. 
J., Medeiros, D. T., Edge, T. 
A., Gannon, V. & Topp, E. 
(2007a) Characteristics and 
frequency of detection of 
fecal Listeria 
monocytogenes shed by 
livestock, wildlife, and 
humans. Can J Microbiol 
53: 1158-1167. 
Lyautey, E., Lapen, D. R., Wilkes, 
G., McCleary, K., Pagotto, 
F., Tyler, K., Hartmann, A., 
Piveteau, P., Rieu, A., 
Robertson, W. J., Medeiros, 
D. T., Edge, T. A., Gannon, 
V. & Topp, E. (2007b) 
Distribution and 
characteristics of Listeria 
monocytogenes isolates 
from surface waters of the 
South Nation River 
watershed, Ontario, Canada. 
Appl Environ Microbiol 73: 
5401-5410. 
Lyristis, M., Bryant, A. E., Sloan, 
J., Awad, M. M., Nisbet, I. 
T., Stevens, D. L. & Rood, J. 
I. (1994) Identification and 
molecular analysis of a locus 
that regulates extracellular 
toxin production in 
Clostridium perfringens. 
Mol Microbiol 12: 761-777. 
 94 
Lyytikäinen, O., Autio, T., Maijala, 
R., Ruutu, P., Honkanen-
Buzalski, T., Miettinen, M., 
Hatakka, M., Mikkola, J., 
Anttila, V.-J., Johansson, T., 
Rantala, L., Aalto, T., 
Korkeala, H. & Siitonen, A. 
(2000) An outbreak of 
Listeria monocytogenes 
serotype 3a infections from 
butter in Finland. J Infect 
Dis 181: 1838-1841. 
Löfmark, S., Jernberg, C., 
Billström, H., Andersson, D. 
I. & Edlund, C. (2008) 
Restored fitness leads to 
long-term persistence of 
resistant Bacteroides 
strains in the human 
intestine. Anaerobe 14: 157-
160. 
Ma, L., Zhang, G. & Doyle, M. P. 
(2011) Green fluorescent 
protein labeling of Listeria, 
Salmonella, and 
Escherichia coli O157:H7 
for safety-related studies. 
PloS One 6: e18083. 
MacGowan, A. P., Bowker, K., 
McLauchlin, J., Bennett, P. 
M. & Reeves, D. S. (1994) 
The occurrence and 
seasonal changes in the 
isolation of Listeria spp. in 
shop bought food stuffs, 
human faeces, sewage and 
soil from urban sources. Int 
J Food Microbiol 21: 325-
334. 
Mackey, B. M., Pritchet, C., Norris, 
A. & Mead, G. C. (1990) 
Heat resistance of Listeria: 
strain differences and 
effects of meat type and 
curing salts. Lett Appl 
Microbiol 10: 251-255. 
Maijala, R., Lyytikäinen, O., 
Johansson, T., Autio, T., 
Aalto, T., Haavisto, L. & 
Honkanen-Buzalski, T. 
(2001) Exposure of Listeria 
monocytogenes within an 
epidemic caused by butter 
in Finland. Int J Food 
Microbiol 70: 97-109. 
Mandin, P., Fsihi, H., Dussurget, 
O., Vergassola, M., 
Milohanic, E., Toledo-
Arana, A., Lasa, I., 
Johansson, J. & Cossart, P. 
(2005) VirR, a response 
regulator critical for Listeria 
monocytogenes virulence. 
Mol Microbiol 57: 1367-
1380. 
Margolles, A. & de los Reyes-
Gavilán, C. G. (1998) 
Characterization of 
plasmids from Listeria 
monocytogenes and 
Listeria innocua strains 
isolated from short-ripened 
cheeses. Int J Food 
Microbiol 39: 231-236. 
Markkula, A., Autio, T., Lundén, J. 
& Korkeala, H. (2005) Raw 
and processed fish show 
identical Listeria 
monocytogenes genotypes 
with pulsed-field gel 
electrophoresis. J Food Prot 
68: 1228-1231. 
Markkula, A., Lindström, M., 
Johansson, P., Björkroth, J. 
& Korkeala, H. (2012a) 
Roles of four putative 
DEAD-box RNA helicase 
genes in growth of Listeria 
monocytogenes EGD-e 
under heat, pH, osmotic, 
ethanol, and oxidative stress 
conditions. Appl Environ 
Microbiol 78: 6875-6882. 
Markkula, A., Mattila, M., 
Lindström, M. & Korkeala, 
H. (2012b) Genes encoding 
putative DEAD-box RNA 
helicases in Listeria 
monocytogenes EGD-e are 
needed for growth and 
motility at 3°C. Environ 
Microbiol 14: 2223-2232. 
Martin, P. K., Li, T., Sun, D., Biek, 
D. P. & Schmid, M. B. 
(1999) Role in cell 
permeability of an essential 
two-component system in 
Staphylococcus aureus. J 
Bacteriol 181: 3666-3673. 
Mascher, G., Derman, Y., Kirk, D. 
G., Palonen, E., Lindström, 
 95 
M. & Korkeala, H. (2014) 
The CLO3403/CLO3404 
two-component system of 
Clostridium botulinum E1 
Beluga is important for cold 
shock response and growth 
at low temperatures. Appl 
Environ Microbiol 80: 399-
407. 
Mastronicolis, S. K., German, J. B., 
Megoulas, N., Petrou, E., 
Foka, P. & Smith, G. M. 
(1998) Influence of cold 
shock on the fatty-acid 
composition of different 
lipid classes of the food-
borne pathogen Listeria 
monocytogenes. Food 
Microbiol 15: 299-306. 
Mattila, M., Lindström, M., 
Somervuo, P., Markkula, A. 
& Korkeala, H. (2011) Role 
of flhA and motA in growth 
of Listeria monocytogenes 
at low temperatures. Int J 
Food Microbiol 148: 177-
183. 
Mauder, N., Williams, T., Fritsch, 
F., Kuhn, M. & Beier, D. 
(2008) Response regulator 
DegU of Listeria 
monocytogenes controls 
temperature-responsive 
flagellar gene expression in 
its unphosphorylated state. 
J Bacteriol 190: 4777-4781. 
Maury, M. M., Tsai, Y.-H., 
Charlier, C., Touchon, M., 
Chenal-Francisque, V., 
Leclercq, A., Criscuolo, A., 
Gaultier, C., Roussel, S., 
Brisabois, A., Disson, O., 
Rocha, E. P. C., Brisse, S. & 
Lecuit, M. (2016) 
Uncovering Listeria 
monocytogenes 
hypervirulence by 
harnessing its biodiversity. 
Nat Genet 48: 308-313. 
Mazurier, S.-I. & Wernars, K. 
(1992) Typing of Listeria 
strains by random 
amplification of 
polymorphic DNA. Res 
Microbiol 143: 499-505. 
McDonnell, G. & Russell, A. D. 
(1999) Antiseptics and 
disinfectants: activity, 
action, and resistance. Clin 
Microbiol Rev 12: 147-179. 
McLauchlin, J. (1990) Distribution 
of serovars of Listeria 
monocytogenes isolated 
from different categories of 
patients with listeriosis. Eur 
J Clin Microbiol Infect Dis 
9: 210-213. 
McLauchlin, J. (1996) The 
relationship between 
Listeria and listeriosis. 
Food Control 7: 187-193. 
McLauchlin, J., Hampton, M. D., 
Shah, S., Threlfall, E. J., 
Wieneke, A. A. & Curtis, G. 
D. W. (1997) Subtyping of 
Listeria monocytogenes on 
the basis of plasmid profiles 
and arsenic and cadmium 
susceptibility. J Appl 
Microbiol 83: 381-388. 
McLauchlin, J. & Low, J. C. (1994) 
Primary cutaneous 
listeriosis in adults: an 
occupational disease of 
veterinarians and farmers. 
Vet Rec 135: 615-617. 
McLauchlin, J. & Rees, C. E. D. 
(2015) Genus Listeria. In 
Bergey's manual of 
systematics of archaea and 
bacteria. Whitman, W. B., 
de Vos, P., Dedysh, S., 
Hedlund, B.,  Kämpfer, P., 
Rainey, F., Trujillo, M. E.,  
Bowman, J. P.,  Brown, D. 
R.,   Glöckner, F. O.,  Oren, 
A.,  Paster, B. J.,  Wade, W., 
Ward, N.,  Busse, H.-J.,  
Reysenbach, A.-L. (eds). 3rd 
edn. New Jersey, USA, John 
Wiley & Sons, Inc., pp. 1-29. 
Mead, P. S., Slutsker, L., Dietz, V., 
McCaig, L. F., Bresee, J. S., 
Shapiro, C., Griffin, P. M. & 
Tauxe, R. V. (1999) Food-
related illness and death in 
the United States. Emerg 
Infect Dis 5: 607-625. 
Mereghetti, L., Quentin, R., 
Marquet-Van Der Mee, N. & 
Audurier, A. (2000) Low 
 96 
sensitivity of Listeria 
monocytogenes to 
quaternary ammonium 
compounds. Appl Environ 
Microbiol 66: 5083-5086. 
Metselaar, K. I., den Besten, H. M. 
W., Abee, T., Moezelaar, R. 
& Zwietering, M. H. (2013) 
Isolation and quantification 
of highly acid resistant 
variants of Listeria 
monocytogenes. Int J Food 
Microbiol 166: 508-514. 
Miettinen, M. K., Björkroth, K. J. & 
Korkeala, H. J. (1999a) 
Characterization of Listeria 
monocytogenes from an ice 
cream plant by serotyping 
and pulsed-field gel 
electrophoresis. Int J Food 
Microbiol 46: 187-192. 
Miettinen, M. K., Palmu, L., 
Björkroth, K. J. & Korkeala, 
H. (2001) Prevalence of 
Listeria monocytogenes in 
broilers at the abattoir, 
processing plant, and retail 
level. J Food Prot 64: 994-
999. 
Miettinen, M. K., Siitonen, A., 
Heiskanen, P., Haajanen, 
H., Björkroth, K. J. & 
Korkeala, H. J. (1999b) 
Molecular epidemiology of 
an outbreak of febrile 
gastroenteritis caused by 
Listeria monocytogenes in 
cold-smoked rainbow trout. 
J Clin Microbiol 37: 2358-
2360. 
Miladi, H., Elabed, H., Slama, R. 
B., Rhim, A. & Bakhrouf, A. 
(2017) Molecular analysis of 
the role of osmolyte 
transporters opuCA and 
betL in Listeria 
monocytogenes after cold 
and freezing stress. Arch 
Microbiol 199: 259-265. 
Mishra, S. & Imlay, J. (2012) Why 
do bacteria use so many 
enzymes to scavenge 
hydrogen peroxide? Arch 
Biochem Biophys 525: 145-
160. 
Mitrophanov, A. Y. & Groisman, E. 
A. (2008) Signal integration 
in bacterial two-component 
regulatory systems. Genes 
Dev 22: 2601-2611. 
Mizuno, T. (1998) His-Asp 
phosphotransfer signal 
transduction. J Biochem 
123: 555-563. 
Mizuno, T., Kaneko, T. & Tabata, 
S. (1996) Compilation of all 
genes encoding bacterial 
two-component signal 
transducers in the genome 
of the cyanobacterium, 
Synechocystis sp. strain 
PCC 6803. DNA Res 3: 407-
414. 
Mohedano, M. L., Overweg, K., de 
la Fuente, A., Reuter, M., 
Altabe, S., Mulholland, F., 
de Mendoza, D., López, P. & 
Wells, J. M. (2005) 
Evidence that the essential 
response regulator YycF in 
Streptococcus pneumoniae 
modulates expression of 
fatty acid biosynthesis genes 
and alters membrane 
composition. J Bacteriol 
187: 2357-2367. 
Moura, A., Criscuolo, A., Pouseele, 
H., Maury, M. M., Leclercq, 
A., Tarr, C., Björkman, J. T., 
Dallman, T., Reimer, A., 
Enouf, V., Larsonneur, E., 
Carleton, H., Bracq-Dieye, 
H., Katz, L. S., Jones, L., 
Touchon, M., Tourdjman, 
M., Walker, M., Stroika, S., 
Cantinelli, T., Chenal-
Francisque, V., Kucerova, 
Z., Rocha, E. P. C., Nadon, 
C., Grant, K., Nielsen, E. M., 
Pot, B., Gerner-Smidt, P., 
Lecuit, M. & Brisse, S. 
(2016) Whole genome-
based population biology 
and epidemiological 
surveillance of Listeria 
monocytogenes. Nat 
Microbiol 2: 16185. 
Müller, A., Rychli, K., Muhterem-
Uyar, M., Zaiser, A., Stessl, 
B., Guinane, C. M., Cotter, 
P. D., Wagner, M. & 
 97 
Schmitz-Esser, S. (2013) 
Tn6188 - a novel transposon 
in Listeria monocytogenes 
responsible for tolerance to 
benzalkonium chloride. 
PLoS One 8: e76835. 
Mullapudi, S., Siletzky, R. M. & 
Kathariou, S. (2008) Heavy-
metal and benzalkonium 
chloride resistance of 
Listeria monocytogenes 
isolates from the 
environment of turkey-
processing plants. Appl 
Environ Microbiol 74: 
1464-1468. 
Murphy, M., Corcoran, D., 
Buckley, J. F., O'Mahony, 
M., Whyte, P. & Fanning, S. 
(2007) Development and 
application of Multiple-
Locus Variable number of 
tandem repeat Analysis 
(MLVA) to subtype a 
collection of Listeria 
monocytogenes. Int J Food 
Microbiol 115: 187-194. 
Murray, E. G. D., Webb, R. A. & 
Swann, M. B. R. (1926) A 
disease of rabbits 
characterized by large 
mononuclear leucocytosis, 
caused by a hitherto 
undescribed 
bacillus: Bacterium 
monocytogenes (n. sp.). J 
Pathol Bacteriol 29: 407-
439. 
Mylonakis, E., Hohmann, E. L. & 
Calderwood, S. B. (1998) 
Central nervous system 
infection with Listeria 
monocytogenes. 33 years' 
experience at a general 
hospital and review of 776 
episodes from the literature. 
Medicine (Baltimore) 77: 
313-336. 
Mylonakis, E., Paliou, M., 
Hohmann, E. L., 
Calderwood, S. B. & Wing, 
E. J. (2002) Listeriosis 
during pregnancy: a case 
series and review of 222 
cases. Medicine (Baltimore) 
81: 260-269. 
Nadon, C. A., Woodward, D. L., 
Young, C., Rodgers, F. G. & 
Wiedmann, M. (2001) 
Correlations between 
molecular subtyping and 
serotyping of Listeria 
monocytogenes. J Clin 
Microbiol 39: 2704-2707. 
Nair, S., Derré, I., Msadek, T., 
Gaillot, O. & Berche, P. 
(2000) CtsR controls class 
III heat shock gene 
expression in the human 
pathogen Listeria 
monocytogenes. Mol 
Microbiol 35: 800-811. 
Nakashima, K., Sugiura, A., 
Momoi, H. & Mizuno, T. 
(1992) Phosphotransfer 
signal transduction between 
two regulatory factors 
involved in the 
osmoregulated kdp operon 
in Escherichia coli. Mol 
Microbiol 6: 1777-1784. 
Narberhaus, F., Waldminghaus, T. 
& Chowdhury, S. (2006) 
RNA thermometers. FEMS 
Microbiol Rev 30: 3-16. 
Nelson, K. E., Fouts, D. E., 
Mongodin, E. F., Ravel, J., 
DeBoy, R. T., Kolonay, J. F., 
Rasko, D. A., Angiuoli, S. V., 
Gill, S. R., Paulsen, I. T., 
Peterson, J., White, O., 
Nelson, W. C., Nierman, W., 
Beanan, M. J., Brinkac, L. 
M., Daugherty, S. C., 
Dodson, R. J., Durkin, A. S., 
Madupu, R., Haft, D. H., 
Selengut, J., Van Aken, S., 
Khouri, H., Fedorova, N., 
Forberger, H., Tran, B., 
Kathariou, S., Wonderling, 
L. D., Uhlich, G. A., Bayles, 
D. O., Luchansky, J. B. & 
Fraser, C. M. (2004) Whole 
genome comparisons of 
serotype 4b and 1/2a strains 
of the food-borne pathogen 
Listeria monocytogenes 
reveal new insights into the 
core genome components of 
this species. Nucleic Acids 
Res 32: 2386-2395. 
 98 
NicAogáin, K. & O'Byrne, C. P. 
(2016) The role of stress 
and stress adaptations in 
determining the fate of the 
bacterial pathogen. Front 
Microbiol 7: 1865. 
Nielsen, P. K., Andersen, A. Z., 
Mols, M., van der Veen, S., 
Abee, T. & Kallipolitis, B. H. 
(2012) Genome-wide 
transcriptional profiling of 
the cell envelope stress 
response and the role of 
LisRK and CesRK in 
Listeria monocytogenes. 
Microbiology 158: 963-974. 
Nightingale, K. K., Fortes, E. D., 
Ho, A. J., Schukken, Y. H., 
Grohn, Y. T. & Wiedmann, 
M. (2005a) Evaluation of 
farm management practices 
as risk factors for clinical 
listeriosis and fecal 
shedding of Listeria 
monocytogenes in 
ruminants. J Am Vet Med 
Assoc 227: 1808-1814. 
Nightingale, K. K., Schukken, Y. 
H., Nightingale, C. R., 
Fortes, E. D., Ho, A. J., Her, 
Z., Grohn, Y. T., 
McDonough, P. L. & 
Wiedmann, M. (2004) 
Ecology and transmission of 
Listeria monocytogenes 
infecting ruminants and in 
the farm environment. Appl 
Environ Microbiol 70: 
4458-4467. 
Nightingale, K. K., Windham, K. & 
Wiedmann, M. (2005b) 
Evolution and molecular 
phylogeny of Listeria 
monocytogenes isolated 
from human and animal 
listeriosis cases and foods. J 
Bacteriol 187: 5537-5551. 
Nikitas, G., Deschamps, C., Disson, 
O., Niault, T., Cossart, P. & 
Lecuit, M. (2011) 
Transcytosis of Listeria 
monocytogenes across the 
intestinal barrier upon 
specific targeting of goblet 
cell accessible E-cadherin. J 
Exp Med 208: 2263-2277. 
Nilsson, R. E., Ross, T. & Bowman, 
J. P. (2011) Variability in 
biofilm production by 
Listeria monocytogenes 
correlated to strain origin 
and growth conditions. Int J 
Food Microbiol 150: 14-24. 
Nocera, D., Bannerman, E., 
Rocourt, J., Jaton-Ogay, K. 
& Bille, J. (1990) 
Characterization by DNA 
restriction endonuclease 
analysis of Listeria 
monocytogenes strains 
related to the Swiss 
epidemic of listeriosis. J 
Clin Microbiol 28: 2259-
2263. 
Nolan, D. A., Chamblin, D. C. & 
Troller, J. A. (1992) 
Minimal water activity 
levels for growth and 
survival of Listeria 
monocytogenes and 
Listeria innocua. Int J Food 
Microbiol 16: 323-335. 
Norton, D. M., McCamey, M. A., 
Gall, K. L., Scarlett, J. M., 
Boor, K. J. & Wiedmann, M. 
(2001) Molecular studies on 
the ecology of Listeria 
monocytogenes in the 
smoked fish processing 
industry. Appl Environ 
Microbiol 67: 198-205. 
Nyfeldt, A. (1929) Étiologie de la 
mononucleose infectieuse. C 
R Soc Biol 101: 590-591. 
O'Driscoll, B., Gahan, C. G. & Hill, 
C. (1996) Adaptive acid 
tolerance response in 
Listeria monocytogenes: 
isolation of an acid-tolerant 
mutant which demonstrates 
increased virulence. Appl 
Environ Microbiol 62: 
1693-1698. 
Oh, D.-H. & Marshall, D. L. (1993) 
Antimicrobial activity of 
ethanol, glycerol 
monolaurate or lactic acid 
against Listeria 
monocytogenes. Int J Food 
Microbiol 20: 239-246. 
Ohtani, K., Hirakawa, H., Tashiro, 
K., Yoshizawa, S., Kuhara, S. 
 99 
& Shimizu, T. (2010) 
Identification of a two-
component VirR/VirS 
regulon in Clostridium 
perfringens. Anaerobe 16: 
258-264. 
Ojeniyi, B., Høiby, N. & Rosdahl, 
V. T. (1991) Genome 
fingerprinting as a typing 
method used on 
polyagglutinable 
Pseudomonas aeruginosa 
isolates from cystic fibrosis 
patients. APMIS 99: 492-
498. 
Ojeniyi, B., Wegener, H. C., 
Jensen, N. E. & Bisgaard, M. 
(1996) Listeria 
monocytogenes in poultry 
and poultry products: 
epidemiological 
investigations in seven 
Danish abattoirs. J Appl 
Bacteriol 80: 395-401. 
Olsen, K. N., Larsen, M. H., Gahan, 
C. G. M., Kallipolitis, B., 
Wolf, X. A., Rea, R., Hill, C. 
& Ingmer, H. (2005) The 
Dps-like protein Fri of 
Listeria monocytogenes 
promotes stress tolerance 
and intracellular 
multiplication in 
macrophage-like cells. 
Microbiology 151: 925-933. 
Ooi, S. T. & Lorber, B. (2005) 
Gastroenteritis due to 
Listeria monocytogenes. 
Clin Infect Dis 40: 1327-
1332. 
Orsi, R. H., den Bakker, H. C. & 
Wiedmann, M. (2011) 
Listeria monocytogenes 
lineages: genomics, 
evolution, ecology, and 
phenotypic characteristics. 
Int J Med Microbiol 301: 
79-96. 
Orsi, R. H., Sun, Q. & Wiedmann, 
M. (2008) Genome-wide 
analyses reveal lineage 
specific contributions of 
positive selection and 
recombination to the 
evolution of Listeria 
monocytogenes. BMC Evol 
Biol 8: 233. 
Overbeek, R., Begley, T., Butler, R. 
M., Choudhuri, J. V., 
Chuang, H.-Y., Cohoon, M., 
de Crécy-Lagard, V., Diaz, 
N., Disz, T., Edwards, R., 
Fonstein, M., Frank, E. D., 
Gerdes, S., Glass, E. M., 
Goesmann, A., Hanson, A., 
Iwata-Reuyl, D., Jensen, R., 
Jamshidi, N., Krause, L., 
Kubal, M., Larsen, N., 
Linke, B., McHardy, A. C., 
Meyer, F., Neuweger, H., 
Olsen, G., Olson, R., 
Osterman, A., Portnoy, V., 
Pusch, G. D., Rodionov, D. 
A., Rückert, C., Steiner, J., 
Stevens, R., Thiele, I., 
Vassieva, O., Ye, Y., 
Zagnitko, O. & Vonstein, V. 
(2005) The subsystems 
approach to genome 
annotation and its use in the 
project to annotate 1000 
genomes. Nucleic Acids Res 
33: 5691-5702. 
Palonen, E., Lindström, M., 
Karttunen, R., Somervuo, P. 
& Korkeala, H. (2011) 
Expression of signal 
transduction system 
encoding genes of Yersinia 
pseudotuberculosis IP32953 
at 28°C and 3°C. PLoS One 
6: e25063. 
Parihar, V. S., Lopez-Valladares, 
G., Danielsson-Tham, M.-L., 
Peiris, I., Helmersson, S., 
Unemo, M., Andersson, B., 
Arneborn, M., Bannerman, 
E., Barbuddhe, S., Bille, J., 
Hajdu, L., Jacquet, C., 
Johansson, C., Löfdahl, M., 
Möllerberg, G., Ringberg, 
H., Rocourt, J., Tjernberg, 
I., Ursing, J., Henriques-
Normark, B. & Tham, W. 
(2008) Characterization of 
human invasive isolates of 
Listeria monocytogenes in 
Sweden 1986-2007. 
Foodborne Pathog Dis 5: 
755-761. 
 100 
Patchett, R. A., Kelly, A. F. & Kroll, 
R. G. (1992) Effect of 
sodium chloride on the 
intracellular solute pools of 
Listeria monocytogenes. 
Appl Environ Microbiol 58: 
3959-3963. 
Pauly, T. M. & Tham, W. A. (2003) 
Survival of Listeria 
monocytogenes in wilted 
and additive-treated grass 
silage. Acta Vet Scand 44: 
73-86. 
Pérez-Díaz, J. C., Vicente, M. F. & 
Baquero, F. (1982) Plasmids 
in Listeria. Plasmid 8: 112-
118. 
Périchon, B., Bogaerts, P., 
Lambert, T., Frangeul, L., 
Courvalin, P. & Galimand, 
M. (2008) Sequence of 
conjugative plasmid 
pIP1206 mediating 
resistance to 
aminoglycosides by 16S 
rRNA methylation and to 
hydrophilic 
fluoroquinolones by efflux. 
Antimicrob Agents 
Chemother 52: 2581-2592. 
Perrin, M., Bemer, M. & Delamare, 
C. (2003) Fatal case of 
Listeria innocua 
bacteremia. J Clin 
Microbiol 41: 5308-5309. 
Peterkin, P. I., Gardiner, M.-A., 
Malik, N. & Idziak, E. S. 
(1992) Plasmids in Listeria 
monocytogenes and other 
Listeria species. Can J 
Microbiol 38: 161-164. 
Pfaffl, M. W. (2001) A new 
mathematical model for 
relative quantification in 
real-time RT-PCR. Nucleic 
Acids Res 29: e45. 
Phan-Thanh, L. & Gormon, T. 
(1995) Analysis of heat and 
cold shock proteins in 
Listeria by two-dimensional 
electrophoresis. 
Electrophoresis 16: 444-
450. 
Phan-Thanh, L. & Mahouin, F. 
(1999) A proteomic 
approach to study the acid 
response in Listeria 
monocytogenes. 
Electrophoresis 20: 2214-
2224. 
Phan-Thanh, L., Mahouin, F. & 
Aligé, S. (2000) Acid 
responses of Listeria 
monocytogenes. Int J Food 
Microbiol 55: 121-126. 
Piffaretti, J.-C., Kressebuch, H., 
Aeschbacher, M., Bille, J., 
Bannerman, E., Musser, J. 
M., Selander, R. K. & 
Rocourt, J. (1989) Genetic 
characterization of clones of 
the bacterium Listeria 
monocytogenes causing 
epidemic disease. Proc Natl 
Acad Sci U S A 86: 3818-
3822. 
Pinheiro, J., Lisboa, J., Pombinho, 
R., Carvalho, F., Carreaux, 
A., Brito, C., Pöntinen, A., 
Korkeala, H., dos Santos, N. 
M. S., Morais-Cabral, J. H., 
Sousa, S. & Cabanes, D. 
(2018) MouR controls the 
expression of the Listeria 
monocytogenes Agr system 
and mediates virulence. 
Nucleic Acids Res 46: 9338-
9352. 
Pinner, R. W., Schuchat, A., 
Swaminathan, B., Hayes, P. 
S., Deaver, K. A., Weaver, R. 
E., Plikaytis, B. D., Reeves, 
M., Broome, C. V., Wenger, 
J. D., Ajello, G., 
Przybyszewski, V., Malcolm, 
G., Ransom, R., Graves, L. 
M., Egal, M., Pierce, R., 
Anderson, G., Stone, E., 
Krauss, K., Reingold, A., 
Castillon, M., Mascola, L., 
Harvey, C., Stull, T., 
Stephens, D., Farley, M., 
Archer, P., Strack, J., Istre, 
G., Rados, M., Taylor, J. & 
Lefkowitz, L. (1992) Role of 
foods in sporadic listeriosis 
II. Microbiologic and 
epidemiologic investigation. 
JAMA 267: 2046-2050. 
Pirie, J. H. H. (1927) A new disease 
of veld rodents, "Tiger River 
 101 
Disease". Pub S Afr Inst 
Med Res 3: 163-186. 
Pirie, J. H. H. (1940) Listeria: 
change of name for a genus 
bacteria. Nature 145: 264. 
Pitcher, D. G., Saunders, N. A. & 
Owen, R. J. (1989) Rapid 
extraction of bacterial 
genomic DNA with 
guanidium thiocyanate. Lett 
Appl Microbiol 8: 151-156. 
Pittman, J. R., Buntyn, J. O., 
Posadas, G., Nanduri, B., 
Pendarvis, K. & Donaldson, 
J. R. (2014) Proteomic 
analysis of cross protection 
provided between cold and 
osmotic stress in Listeria 
monocytogenes. J Proteome 
Res 13: 1896-1904. 
Pizarro-Cerdá, J., Kühbacher, A. & 
Cossart, P. (2012) Entry of 
Listeria monocytogenes in 
mammalian epithelial cells: 
an updated view. Cold 
Spring Harb Perspect Med 
2: a010009. 
Poirel, L., Villa, L., Bertini, A., 
Pitout, J. D., Nordmann, P. 
& Carattoli, A. (2007) 
Expanded-spectrum β-
lactamase and plasmid-
mediated quinolone 
resistance. Emerg Infect Dis 
13: 803-805. 
Pontello, M., Guaita, A., Sala, G., 
Cipolla, M., Gattuso, A., 
Sonnessa, M. & 
Gianfranceschi, M. V. 
(2012) Listeria 
monocytogenes serotypes in 
human infections (Italy, 
2000-2010). Ann Ist Super 
Sanita 48: 146-150. 
Pope, C., Kim, S.-K., Marzo, A., 
Williams, K., Jiang, J., 
Shen, H. & Lefrançois, L. 
(2001) Organ-specific 
regulation of the CD8 T cell 
response to Listeria 
monocytogenes infection. J 
Immunol 166: 3402-3409. 
Potel, J. (1953) Ätiologie der 
granulomatosis 
infantiseptica. Wiss Z 
Martin-Luther-Univ Halle-
Wittenberg 3: 341-349. 
Poupel, O., Moyat, M., Groizeleau, 
J., Antunes, L. C. S., 
Gribaldo, S., Msadek, T. & 
Dubrac, S. (2016) 
Transcriptional analysis and 
subcellular protein 
localization reveal specific 
features of the essential 
WalKR system in 
Staphylococcus aureus. 
PLoS One 11: e0151449. 
Poyart-Salmeron, C., Carlier, C., 
Trieu-Cuot, P., Courtieu, A.-
L. & Courvalin, P. (1990) 
Transferable plasmid-
mediated antibiotic 
resistance in Listeria 
monocytogenes. Lancet 
335: 1422-1426. 
Prieto, M., Martínez, C., Aguerre, 
L., Rocca, M. F., Cipolla, L. 
& Callejo, R. (2016) 
Antibiotic susceptibility of 
Listeria monocytogenes in 
Argentina. Enferm Infecc 
Microbiol Clin 34: 91-95. 
Püttmann, M., Ade, N. & Hof, H. 
(1993) Dependence of fatty 
acid composition of Listeria 
spp. on growth temperature. 
Res Microbiol 144: 279-283. 
Quereda, J. J., Dussurget, O., 
Nahori, M.-A., Ghozlane, A., 
Volant, S., Dillies, M.-A., 
Regnault, B., Kennedy, S., 
Mondot, S., Villoing, B., 
Cossart, P. & Pizarro-Cerdá, 
J. (2016) Bacteriocin from 
epidemic Listeria strains 
alters the host intestinal 
microbiota to favor 
infection. Proc Natl Acad 
Sci U S A 113: 5706-5711. 
Radoshevich, L. & Cossart, P. 
(2018) Listeria 
monocytogenes: towards a 
complete picture of its 
physiology and 
pathogenesis. Nat Rev 
Microbiol 16: 32-46. 
Raengpradub, S., Wiedmann, M. & 
Boor, K. J. (2008) 
Comparative analysis of the 
σB-dependent stress 
 102 
responses in Listeria 
monocytogenes and 
Listeria innocua strains 
exposed to selected stress 
conditions. Appl Environ 
Microbiol 74: 158-171. 
Ragon, M., Wirth, T., Hollandt, F., 
Lavenir, R., Lecuit, M., Le 
Monnier, A. & Brisse, S. 
(2008) A new perspective 
on Listeria monocytogenes 
evolution. PLoS Pathog 4: 
e1000146. 
Raines, L. J., Moss, C. W., 
Farshtchi, D. & Pittman, B. 
(1968) Fatty acids of 
Listeria monocytogenes. J 
Bacteriol 96: 2175-2177. 
Rakic-Martinez, M., Drevets, D. A., 
Dutta, V., Katic, V. & 
Kathariou, S. (2011) Listeria 
monocytogenes strains 
selected on ciprofloxacin or 
the disinfectant 
benzalkonium chloride 
exhibit reduced 
susceptibility to 
ciprofloxacin, gentamicin, 
benzalkonium chloride, and 
other toxic compounds. 
Appl Environ Microbiol 77: 
8714-8721. 
Ramage, C. P., Low, J. C., 
McLauchlin, J. & Donachie, 
W. (1999) Characterisation 
of Listeria ivanovii isolates 
from the UK using pulsed-
field gel electrophoresis. 
FEMS Microbiol Lett 170: 
349-353. 
Ranjbar, R. & Farahani, O. (2017) 
The prevalence of plasmid-
mediated quinolone 
resistance genes in 
Escherichia coli isolated 
from hospital wastewater 
sources in Tehran, Iran. 
Iran J Public Health 46: 
1285-1291. 
Rankin, D. J., Rocha, E. P. C. & 
Brown, S. P. (2011) What 
traits are carried on mobile 
genetic elements, and why? 
Heredity 106: 1-10. 
Rapose, A., Lick, S. D. & Ismail, N. 
(2008) Listeria grayi 
bacteremia in a heart 
transplant recipient. 
Transpl Infect Dis 10: 434-
436. 
Rasmussen, O. F., Skouboe, P., 
Dons, L., Rossen, L. & 
Olsen, J. E. (1995) Listeria 
monocytogenes exists in at 
least three evolutionary 
lines: evidence from 
flagellin, invasive associated 
protein and listeriolysin O 
genes. Microbiology 141: 
2053-2061. 
Rea, R., Hill, C. & Gahan, C. G. M. 
(2005) Listeria 
monocytogenes PerR 
mutants display a small-
colony phenotype, increased 
sensitivity to hydrogen 
peroxide, and significantly 
reduced murine virulence. 
Appl Environ Microbiol 71: 
8314-8322. 
Read, T. D. & Massey, R. C. (2014) 
Characterizing the genetic 
basis of bacterial 
phenotypes using genome-
wide association studies: a 
new direction for 
bacteriology. Genome Med 
6: 109. 
Regan, E. J., Harrison, G. A. J., 
Butler, S., McLauchlin, J., 
Thomas, M. & Mitchell, S. 
(2005) Primary cutaneous 
listeriosis in a veterinarian. 
Vet Rec 157: 207. 
Reij, M. W., Den Aantrekker, E. D. 
& ILSI Europe Risk Analysis 
in Microbiology Task Force. 
(2004) Recontamination as 
a source of pathogens in 
processed foods. Int J Food 
Microbiol 91: 1-11. 
Renterghem, B. V., Huysman, F., 
Rygole, R. & Verstraete, W. 
(1991) Detection and 
prevalence of Listeria 
monocytogenes in the 
agricultural ecosystem. J 
Appl Bacteriol 71:211-217. 
Revez, J., Espinosa, L., Albiger, B., 
Leitmeyer, K. C., Struelens, 
M. J. & ECDC national 
microbiology focal points 
 103 
and experts group (2017) 
Survey on the use of whole-
genome sequencing for 
infectious diseases 
surveillance: rapid 
expansion of European 
national capacities, 2015-
2016. Front Public Health 
5: 347. 
Ribeiro, V. B. & Destro, M. T. 
(2014) Listeria 
monocytogenes serotype 
1/2b and 4b isolates from 
human clinical cases and 
foods show differences in 
tolerance to refrigeration 
and salt stress. J Food Prot 
77: 1519-1526. 
Ribeiro, V. B., Mujahid, S., Orsi, R. 
H., Bergholz, T. M., 
Wiedmann, M., Boor, K. J. 
& Destro, M. T. (2014) 
Contributions of σB and 
PrfA to Listeria 
monocytogenes salt stress 
under food relevant 
conditions. Int J Food 
Microbiol 177: 98-108. 
Ribet, D. & Cossart, P. (2015) How 
bacterial pathogens colonize 
their hosts and invade 
deeper tissues. Microbes 
Infect 17: 173-183. 
Riedel, C. U., Monk, I. R., Casey, P. 
G., Waidmann, M. S., 
Gahan, C. G. M. & Hill, C. 
(2009) AgrD-dependent 
quorum sensing affects 
biofilm formation, invasion, 
virulence and global gene 
expression profiles in 
Listeria monocytogenes. 
Mol Microbiol 71: 1177-
1189. 
Rieu, A., Weidmann, S., Garmyn, 
D., Piveteau, P. & Guzzo, J. 
(2007) agr system of 
Listeria monocytogenes 
EGD-e: role in adherence 
and differential expression 
pattern. Appl Environ 
Microbiol 73: 6125-6133. 
Ringus, D. L., Ivy, R. A., 
Wiedmann, M. & Boor, K. J. 
(2012) Salt stress-induced 
transcription of σB- and 
CtsR-regulated genes in 
persistent and non-
persistent Listeria 
monocytogenes strains 
from food processing plants. 
Foodborne Pathog Dis 9: 
198-206. 
Roberts, A., Nightingale, K., 
Jeffers, G., Fortes, E., 
Kongo, J. M. & Wiedmann, 
M. (2006) Genetic and 
phenotypic characterization 
of Listeria monocytogenes 
lineage III. Microbiology 
152: 685-693. 
Rocourt, J., Audurier, A., Courtieu, 
A. L., Durst, J., Ortel, S., 
Schrettenbrunner, A. & 
Taylor, A. G. (1985) A multi-
centre study on the phage 
typing of Listeria 
monocytogenes. Zentralbl 
Bakteriol Mikrobiol Hyg A 
259: 489-497. 
Rocourt, J., Boerlin, P., Grimont, 
F., Jacquet, C. & Piffaretti, 
J.-C. (1992) Assignment of 
Listeria grayi and Listeria 
murrayi to a single species, 
Listeria grayi, with a 
revised description of 
Listeria grayi. Int J Syst 
Bacteriol 42: 171-174. 
Rocourt, J. & Grimont, P. A. D. 
(1983) Listeria welshimeri 
sp. nov. and Listeria 
seeligeri sp. nov. Int J Syst 
Evol Microbiol 33: 866-
869. 
Romanova, N., Favrin, S. & 
Griffiths, M. W. (2002) 
Sensitivity of Listeria 
monocytogenes to sanitizers 
used in the meat processing 
industry. Appl Environ 
Microbiol 68: 6405-6409. 
Romanova, N. A., Wolffs, P. F. G., 
Brovko, L. Y. & Griffiths, M. 
W. (2006) Role of efflux 
pumps in adaptation and 
resistance of Listeria 
monocytogenes to 
benzalkonium chloride. 
Appl Environ Microbiol 72: 
3498-3503. 
 104 
Rouquette, C., Ripio, M.-T., 
Pellegrini, E., Bolla, J.-M., 
Tascon, R. I., Vázquez-
Boland, J.-A. & Berche, P. 
(1996) Identification of a 
ClpC ATPase required for 
stress tolerance and in vivo 
survival of Listeria 
monocytogenes. Mol 
Microbiol 21: 977-987. 
Russell, A. D. (2003) Lethal effects 
of heat on bacterial 
physiology and structure. 
Sci Prog 86: 115-137. 
Russell, N. J., Evans, R. I., ter 
Steeg, P. F., Hellemons, J., 
Verheul, A. & Abee, T. 
(1995) Membranes as a 
target for stress adaptation. 
Int J Food Microbiol 28: 
255-261. 
Ruusunen, M., Salonen, M., 
Pulkkinen, H., Huuskonen, 
M., Hellström, S., Revez, J., 
Hänninen, M.-L., 
Fredriksson-Ahomaa, M. & 
Lindström, M. (2013) 
Pathogenic bacteria in 
Finnish bulk tank milk. 
Foodborne Pathog Dis 10: 
99-106. 
Ryan, S., Begley, M., Gahan, C. G. 
M. & Hill, C. (2009) 
Molecular characterization 
of the arginine deiminase 
system in Listeria 
monocytogenes: regulation 
and role in acid tolerance. 
Environ Microbiol 11: 432-
445. 
Ryan, S., Begley, M., Hill, C. & 
Gahan, C. G. M. (2010) A 
five-gene stress survival 
islet (SSI-1) that contributes 
to the growth of Listeria 
monocytogenes in 
suboptimal conditions. J 
Appl Microbiol 109: 984-
995. 
Ryser, E. T., Arimi, S. M. & 
Donnelly, C. W. (1997) 
Effects of pH on 
distribution of Listeria 
ribotypes in corn, hay, and 
grass silage. Appl Environ 
Microbiol 63: 3695-3697. 
Rørvik, L. M., Aase, B., Alvestad, T. 
& Caugant, D. A. (2003) 
Molecular epidemiological 
survey of Listeria 
monocytogenes in broilers 
and poultry products. J 
Appl Microbiol 94: 633-
640. 
Rørvik, L. M., Caugant, D. A. & 
Yndestad, M. (1995) 
Contamination pattern of 
Listeria monocytogenes 
and other Listeria spp. in a 
salmon slaughterhouse and 
smoked salmon processing 
plant. Int J Food Microbiol 
25: 19-27. 
Salamina, G., Dalle Donne, E., 
Niccolini, A., Poda, G., 
Cesaroni, D., Bucci, M., 
Fini, R., Maldini, M., 
Schuchat, A., Swaminathan, 
B., Bibb, W., Rocourt, J., 
Binkin, N. & Salmaso, S. 
(1996) A foodborne 
outbreak of gastroenteritis 
involving Listeria 
monocytogenes. Epidemiol 
Infect 117: 429-436. 
Salcedo, C., Arreaza, L., Alcalá, B., 
de la Fuente, L. & Vázquez, 
J. A. (2003) Development of 
a multilocus sequence 
typing method for analysis 
of Listeria monocytogenes 
clones. J Clin Microbiol 41: 
757-762. 
Salipante, S. J., SenGupta, D. J., 
Cummings, L. A., Land, T. 
A., Hoogestraat, D. R. & 
Cookson, B. T. (2015) 
Application of whole-
genome sequencing for 
bacterial strain typing in 
molecular epidemiology. J 
Clin Microbiol 53: 1072-
1079. 
Sampathkumar, B., 
Khachatourians, G. G. & 
Korber, D. R. (2003) High 
pH during trisodium 
phosphate treatment causes 
membrane damage and 
destruction of Salmonella 
enterica serovar Enteritidis. 
 105 
Appl Environ Microbiol 69: 
122-129. 
Sapuan, S., Kortsalioudaki, C., 
Anthony, M., Chang, J., 
Embleton, N. D., 
Geethanath, R. M., Gray, J., 
Greenough, A., Lal, M. K., 
Luck, S., Pattnayak, S., 
Reynolds, P., Russell, A. B., 
Scorrer, T., Turner, M., 
Heath, P. T. & Vergnano, S. 
(2017) Neonatal listeriosis 
in the UK 2004-2014. J 
Infect 74: 236-242. 
Schjørring, S., Gillesberg Lassen, 
S., Jensen, T., Moura, A., 
Kjeldgaard, J. S., Müller, L., 
Thielke, S., Leclercq, A., 
Maury, M. M., Tourdjman, 
M., Donguy, M.-P., Lecuit, 
M., Ethelberg, S. & Nielsen, 
E. M. (2017) Cross-border 
outbreak of listeriosis 
caused by cold-smoked 
salmon, revealed by 
integrated surveillance and 
whole genome sequencing 
(WGS), Denmark and 
France, 2015 to 2017. Euro 
Surveill 22: 17-00762. 
Schlech, W. F., III. (2000) 
Foodborne listeriosis. Clin 
Infect Dis 31: 770- 775. 
Schlech, W. F., III, Lavigne, P. M., 
Bortolussi, R. A., Allen, A. 
C., Haldane, E. V., Wort, A. 
J., Hightower, A. W., 
Johnson, S. E., King, S. H., 
Nicholls, E. S. & Broome, C. 
V. (1983) Epidemic 
listeriosis – evidence for 
transmission by food. N 
Engl J Med 308: 203-206. 
Schmid, B., Klumpp, J., Raimann, 
E., Loessner, M. J., Stephan, 
R. & Tasara, T. (2009) Role 
of cold shock proteins in 
growth of Listeria 
monocytogenes under cold 
and osmotic stress 
conditions. Appl Environ 
Microbiol 75: 1621-1627. 
Schmitz-Esser, S., Müller, A., 
Stessl, B. & Wagner, M. 
(2015) Genomes of 
sequence type 121 Listeria 
monocytogenes strains 
harbor highly conserved 
plasmids and prophages. 
Front Microbiol 6: 380. 
Schröder, G. & Lanka, E. (2005) 
The mating pair formation 
system of conjugative 
plasmids – a versatile 
secretion machinery for 
transfer of proteins and 
DNA. Plasmid 54: 1-25. 
Schwartz, B., Ciesielski, C. A., 
Broome, C. V., Gaventa, S., 
Brown, G. R., Gellin, B. G., 
Hightower, A. W., Mascola, 
L. & the Listeriosis Study 
Group. (1988) Association 
of sporadic listeriosis with 
consumption of uncooked 
hot dogs and undercooked 
chicken. Lancet 332: 779-
782. 
Schweizer, C., Bischoff, P., Bender, 
J., Kola, A., Gastmeier, P., 
Hummel, M., Klefisch, F.-
R., Schoenrath, F., Frühauf, 
A. & Pfeifer, Y. (2019) 
Plasmid-mediated 
transmission of KPC-2 
carbapenemase in 
Enterobacteriaceae in 
critically ill patients. Front 
Microbiol 10: 276. 
Seeliger, H. P. (1984) Modern 
taxonomy of the Listeria 
group relationship to its 
pathogenicity. Clin Invest 
Med 7: 217-221. 
Seeliger, H. P. R. & Höhne, K. 
(1979) Chapter II 
Serotyping of Listeria 
monocytogenes and related 
species. Methods Microbiol 
13: 31-49. 
Seeliger, H. P. R., Rocourt, J., 
Schrettenbrunner, A., 
Grimont, P. A. D. & Jones, 
D. (1984) Listeria ivanovii 
sp. nov. Int J Syst Bacteriol 
34: 336-337. 
Seydlová, G., Halada, P., Fišer, R., 
Toman, O., Ulrych, A. & 
Svobodová, J. (2012) DnaK 
and GroEL chaperones are 
recruited to the Bacillus 
subtilis membrane after 
 106 
short-term ethanol stress. J 
Appl Microbiol 112: 765-
774. 
Shabala, L., Budde, B., Ross, T., 
Siegumfeldt, H. & 
McMeekin, T. (2002) 
Responses of Listeria 
monocytogenes to acid 
stress and glucose 
availability monitored by 
measurements of 
intracellular pH and viable 
counts. Int J Food 
Microbiol 75: 89-97. 
Shen, Q., Jangam, P. M., Soni, K. 
A., Nannapaneni, R., 
Schilling, W. & Silva, J. L. 
(2014) Low, medium, and 
high heat tolerant strains of 
Listeria monocytogenes 
and increased heat stress 
resistance after exposure to 
sublethal heat. J Food Prot 
77: 1298-1307. 
Shi, C., Velázquez, P., Hohl, T. M., 
Leiner, I., Dustin, M. L. & 
Pamer, E. G. (2010) 
Monocyte trafficking to 
hepatic sites of bacterial 
infection is chemokine 
independent and directed 
by focal intercellular 
adhesion molecule-1 
expression. J Immunol 184: 
6266-6274. 
Shimizu, T., Shima, K., Yoshino, 
K., Yonezawa, K., Shimizu, 
T. & Hayashi, H. (2002) 
Proteome and 
transcriptome analysis of 
the virulence genes 
regulated by the VirR/VirS 
system in Clostridium 
perfringens. J Bacteriol 
184: 2587-2594. 
Silk, B. J., Date, K. A., Jackson, K. 
A., Pouillot, R., Holt, K. G., 
Graves, L. M., Ong, K. L., 
Hurd, S., Meyer, R., Marcus, 
R., Shiferaw, B., Norton, D. 
M., Medus, C., Zansky, S. 
M., Cronquist, A. B., Henao, 
O. L., Jones, T. F., Vugia, D. 
J., Farley, M. M. & Mahon, 
B. E. (2012) Invasive 
listeriosis in the Foodborne 
Diseases Active Surveillance 
Network (FoodNet), 2004-
2009: further targeted 
prevention needed for 
higher-risk groups. Clin 
Infect Dis 54: S396-S404. 
Silveira, M. G., Baumgärtner, M., 
Rombouts, F. M. & Abee, T. 
(2004) Effect of adaptation 
to ethanol on cytoplasmic 
and membrane protein 
profiles of Oenococcus oeni. 
Appl Environ Microbiol 70: 
2748-2755. 
Sim, J., Hood, D., Finnie, L., 
Wilson, M., Graham, C., 
Brett, M. & Hudson, J. A. 
(2002) Series of incidents of 
Listeria monocytogenes 
non-invasive febrile 
gastroenteritis involving 
ready-to-eat meats. Lett 
Appl Microbiol 35: 409-413. 
Simon, C. (1956) Möglichkeiten 
zur Anreicherung von 
Listeria monocytogenes in 
flüssigen Vorkulturen. Med 
Microbiol Immunol 143: 
159-172. 
Siryaporn, A. & Goulian, M. (2010) 
Characterizing cross-talk in 
vivo: avoiding pitfalls and 
overinterpretation. Methods 
Enzymol 471: 1-16. 
Skandamis, P. N., Yoon, Y., 
Stopforth, J. D., Kendall, P. 
A. & Sofos, J. N. (2008) 
Heat and acid tolerance of 
Listeria monocytogenes 
after exposure to single and 
multiple sublethal stresses. 
Food Microbiol 25: 294-
303. 
Skovgaard, N. & Nørrung, B. 
(1989) The incidence of 
Listeria spp. in faeces of 
Danish pigs and in minced 
pork meat. Int J Food 
Microbiol 8: 59-63. 
Slater, F. R., Bailey, M. J., Tett, A. 
J. & Turner, S. L. (2008) 
Progress towards 
understanding the fate of 
plasmids in bacterial 
communities. FEMS 
Microbiol Ecol 66: 3-13. 
 107 
Sleator, R. D., Gahan, C. G. M. & 
Hill, C. (2001) Identification 
and disruption of the proBA 
locus in Listeria 
monocytogenes: role of 
proline biosynthesis in salt 
tolerance and murine 
infection. Appl Environ 
Microbiol 67: 2571-2577. 
Sleator, R. D. & Hill, C. (2005) A 
novel role for the LisRK 
two-component regulatory 
system in listerial 
osmotolerance. Clin 
Microbiol Infect 11: 599-
601. 
Slettemeås, J. S., Sunde, M., 
Ulstad, C. R., Norström, M., 
Wester, A. L. & Urdahl, A. 
M. (2019) Occurrence and 
characterization of 
quinolone resistant 
Escherichia coli from 
Norwegian turkey meat and 
complete sequence of an 
IncX1 plasmid encoding 
qnrS1. PLoS One 14: 
e0212936. 
Small, P. L. C. & Waterman, S. R. 
(1998) Acid stress, 
anaerobiosis and gadCB: 
lessons from Lactococcus 
lactis and Escherichia coli. 
Trends Microbiol 6: 214-
216. 
Smillie, C., Garcillán-Barcia, M. P., 
Francia, M. V., Rocha, E. P. 
C. & de la Cruz, F. (2010) 
Mobility of plasmids. 
Microbiol Mol Biol Rev 74: 
434-452. 
Snapir, Y. M., Vaisbein, E. & 
Nassar, F. (2006) Low 
virulence but potentially 
fatal outcome – Listeria 
ivanovii. Eur J Intern Med 
17: 286-287. 
Solovyev, V. & Salamov, A. (2011) 
Automatic annotation of 
microbial genomes and 
metagenomic sequences. In 
Metagenomics and its 
applications in agriculture, 
biomedicine and 
environmental studies. Li, 
R. W. (ed). New York,  Nova 
Science Publishers, pp. 61-
78. 
Soni, K. A., Nannapaneni, R. & 
Tasara, T. (2011) The 
contribution of 
transcriptomic and 
proteomic analysis in 
elucidating stress 
adaptation responses of 
Listeria monocytogenes. 
Foodborne Pathog Dis 8: 
843-852. 
Soufi, B., Krug, K., Harst, A. & 
Macek, B. (2015) 
Characterization of the E. 
coli proteome and its 
modifications during 
growth and ethanol stress. 
Front Microbiol 6: 103. 
Soumet, C., Ragimbeau, C. & 
Maris, P. (2005) Screening 
of benzalkonium chloride 
resistance in Listeria 
monocytogenes strains 
isolated during cold smoked 
fish production. Lett Appl 
Microbiol 41: 291-296. 
Stack, H. M., Sleator, R. D., 
Bowers, M., Hill, C. & 
Gahan, C. G. M. (2005) Role 
for HtrA in stress induction 
and virulence potential in 
Listeria monocytogenes. 
Appl Environ Microbiol 71: 
4241-4247. 
Stock, A. M., Robinson, V. L. & 
Goudreau, P. N. (2000) 
Two-component signal 
transduction. Annu Rev 
Biochem 69: 183-215. 
Sue, D., Fink, D., Wiedmann, M. & 
Boor, K. J. (2004) σB-
dependent gene induction 
and expression in Listeria 
monocytogenes during 
osmotic and acid stress 
conditions simulating the 
intestinal environment. 
Microbiology 150: 3843-
3855. 
Suo, Y., Gao, S., Baranzoni, G. M., 
Xie, Y. & Liu, Y. (2018) 
Comparative transcriptome 
RNA-Seq analysis of 
Listeria monocytogenes 
with sodium lactate 
 108 
adaptation. Food Control 
91: 193-201. 
Suokko, A., Savijoki, K., Malinen, 
E., Palva, A. & Varmanen, P. 
(2005) Characterization of a 
mobile clpL gene from 
Lactobacillus rhamnosus. 
Appl Environ Microbiol 71: 
2061-2069. 
Swaminathan, B. & Gerner-Smidt, 
P. (2007) The epidemiology 
of human listeriosis. 
Microbes Infect 9: 1236-
1243. 
Szurmant, H., Fukushima, T. & 
Hoch, J. A. (2007) The 
essential YycFG two-
component system of 
Bacillus subtilis. Methods 
Enzymol 422: 396-417. 
Takada, H., Shiwa, Y., Takino, Y., 
Osaka, N., Ueda, S., 
Watanabe, S., Chibazakura, 
T., Su'etsugu, M., Utsumi, 
R. & Yoshikawa, H. (2018) 
Essentiality of WalRK for 
growth in Bacillus subtilis 
and its role during heat 
stress. Microbiology 164: 
670-684. 
Tandukar, M., Oh, S., Tezel, U., 
Konstantinidis, K. T. & 
Pavlostathis, S. G. (2013) 
Long-term exposure to 
benzalkonium chloride 
disinfectants results in 
change of microbial 
community structure and 
increased antimicrobial 
resistance. Environ Sci 
Technol 47: 9730-9738. 
Taormina, P. J. & Beuchat, L. R. 
(2001) Survival and heat 
resistance of Listeria 
monocytogenes after 
exposure to alkali and 
chlorine. Appl Environ 
Microbiol 67: 2555-2563. 
Tasara, T. & Stephan, R. (2006) 
Cold stress tolerance of 
Listeria monocytogenes: a 
review of molecular 
adaptive mechanisms and 
food safety implications. J 
Food Prot 69: 1473-1484. 
Tasara, T. & Stephan, R. (2007) 
Evaluation of housekeeping 
genes in Listeria 
monocytogenes as potential 
internal control references 
for normalizing mRNA 
expression levels in stress 
adaptation models using 
real-time PCR. FEMS 
Microbiol Lett 269: 265-
272. 
Tay, E., Rajan, M. & Tuft, S. 
(2008) Listeria 
monocytogenes 
sclerokeratitis: a case report 
and literature review. 
Cornea 27: 947-949. 
Thackray, P. D. & Moir, A. (2003) 
SigM, an extracytoplasmic 
function sigma factor of 
Bacillus subtilis, is activated 
in response to cell wall 
antibiotics, ethanol, heat, 
acid, and superoxide stress. 
J Bacteriol 185: 3491-3498. 
Thomas, C. M. & Nielsen, K. M. 
(2005) Mechanisms of, and 
barriers to, horizontal gene 
transfer between bacteria. 
Nat Rev Microbiol 3: 711-
721. 
Thomas, C. M. & Smith, C. A. 
(1987) Incompatibility 
group P plasmids: genetics, 
evolution, and use in genetic 
manipulation. Annu Rev 
Microbiol 41: 77-101. 
Tiwari, S., Jamal, S. B., Hassan, S. 
S., Carvalho, P. V. S. D., 
Almeida, S., Barh, D., 
Ghosh, P., Silva, A., Castro, 
T. L. P. & Azevedo, V. (2017) 
Two-component signal 
transduction systems of 
pathogenic bacteria as 
targets for antimicrobial 
therapy: an overview. Front 
Microbiol 8: 1878. 
Toledo-Arana, A., Dussurget, O., 
Nikitas, G., Sesto, N., Guet-
Revillet, H., Balestrino, D., 
Loh, E., Gripenland, J., 
Tiensuu, T., Vaitkevicius, 
K., Barthelemy, M., 
Vergassola, M., Nahori, M.-
A., Soubigou, G., Régnault, 
 109 
B., Coppée, J.-Y., Lecuit, M., 
Johansson, J. & Cossart, P. 
(2009) The Listeria 
transcriptional landscape 
from saprophytism to 
virulence. Nature 459: 950-
956. 
Tompkin, R. (2002) Control of 
Listeria monocytogenes in 
the food-processing 
environment. J Food Prot 
65: 709-725. 
Tsai, Y.-H. L., Maron, S. B., 
McGann, P., Nightingale, K. 
K., Wiedmann, M. & Orsi, 
R. H. (2011) Recombination 
and positive selection 
contributed to the evolution 
of Listeria monocytogenes 
lineages III and IV, two 
distinct and well supported 
uncommon L. 
monocytogenes lineages. 
Infect Genet Evol 11: 1881-
1890. 
Unnerstad, H., Romell, A., 
Ericsson, H., Danielsson-
Tham, M.-L. & Tham, W. 
(2000) Listeria 
monocytogenes in faeces 
from clinically healthy dairy 
cows in Sweden. Acta Vet 
Scand 41: 167-171. 
van Bokhorst-van de Veen, H., 
Abee, T., Tempelaars, M., 
Bron, P. A., Kleerebezem, 
M. & Marco, M. L. (2011) 
Short- and long-term 
adaptation to ethanol stress 
and its cross-protective 
consequences in 
Lactobacillus plantarum. 
Appl Environ Microbiol 77: 
5247-5256. 
van der Veen, S., Abee, T., de Vos, 
W. M. & Wells-Bennik, M. 
H. J. (2009) Genome-wide 
screen for Listeria 
monocytogenes genes 
important for growth at 
high temperatures. FEMS 
Microbiol Lett 295: 195-
203. 
van der Veen, S., Hain, T., 
Wouters, J. A., Hossain, H., 
de Vos, W. M., Abee, T., 
Chakraborty, T. & Wells-
Bennik, M. H. J. (2007) The 
heat-shock response of 
Listeria monocytogenes 
comprises genes involved in 
heat shock, cell division, cell 
wall synthesis, and the SOS 
response. Microbiology 153: 
3593-3607. 
van der Veen, S., Moezelaar, R., 
Abee, T. & Wells-Bennik, M. 
H. J. (2008) The growth 
limits of a large number of 
Listeria monocytogenes 
strains at combinations of 
stresses show serotype- and 
niche-specific traits. J Appl 
Microbiol 105: 1246-1258. 
Vázquez-Boland, J. A., Dominguez, 
L., Blanco, M., Rocourt, J., 
Fernández-Garayzábal, J. 
F., Gutiérrez, C. B., Tascón, 
R. I. & Rodriguez-Ferri, E. 
F. (1992) Epidemiologic 
investigation of a silage-
associated epizootic of ovine 
listeric encephalitis, using a 
new Listeria-selective 
enumeration medium and 
phage typing. Am J Vet Res 
53: 368-371. 
Vázquez-Boland, J. A., 
Domínguez-Bernal, G., 
González-Zorn, B., Kreft, J. 
& Goebel, W. (2001) 
Pathogenicity islands and 
virulence evolution in 
Listeria. Microbes Infect 3: 
571-584. 
Vázquez-Boland, J. A., Krypotou, 
E. & Scortti, M. (2017) 
Listeria placental infection. 
MBio 8: e00949-17. 
Vázquez-Boland, J. A., Kuhn, M., 
Berche, P., Chakraborty, T., 
Domínguez-Bernal, G., 
Goebel, W., González-Zorn, 
B., Wehland, J. & Kreft, J. 
(2001) Listeria 
pathogenesis and molecular 
virulence determinants. Clin 
Microbiol Rev 14: 584-640. 
Venturini, C., Beatson, S. A., 
Djordjevic, S. P. & Walker, 
M. J. (2010) Multiple 
antibiotic resistance gene 
 110 
recruitment onto the 
enterohemorrhagic 
Escherichia coli virulence 
plasmid. FASEB J 24: 1160-
1166. 
Vialette, M., Pinon, A., 
Chasseignaux, E. & Lange, 
M. (2003) Growths kinetics 
comparison of clinical and 
seafood Listeria 
monocytogenes isolates in 
acid and osmotic 
environment. Int J Food 
Microbiol 82: 121-131. 
Vines, A., Reeves, M. W., Hunter, 
S. & Swaminathan, B. 
(1992) Restriction fragment 
length polymorphism in 
four virulence-associated 
genes of Listeria 
monocytogenes. Res 
Microbiol 143: 281-294. 
Vivant, A. L., Garmyn, D., Gal, L., 
Hartmann, A. & Piveteau, P. 
(2015) Survival of Listeria 
monocytogenes in soil 
requires AgrA-mediated 
regulation. Appl Environ 
Microbiol 81: 5073-5084. 
Vivant, A. L., Garmyn, D., Gal, L. & 
Piveteau, P. (2014) The Agr 
communication system 
provides a benefit to the 
populations of Listeria 
monocytogenes in soil. 
Front Cell Infect Microbiol 
4: 160. 
Vogel, B. F., Jørgensen, L. V., 
Ojeniyi, B., Huss, H. H. & 
Gram, L. (2001) Diversity of 
Listeria monocytogenes 
isolates from cold-smoked 
salmon produced in 
different smokehouses as 
assessed by Random 
Amplified Polymorphic 
DNA analyses. Int J Food 
Microbiol 65: 83-92. 
Vos, P., Hogers, R., Bleeker, M., 
Reijans, M., van de Lee, T., 
Hornes, M., Frijters, A., Pot, 
J., Peleman, J., Kuiper, M. 
& Zabeau, M. (1995) AFLP: 
a new technique for DNA 
fingerprinting. Nucleic 
Acids Res 23: 4407-4414. 
Walker, S. J., Archer, P. & Banks, 
J. G. (1990) Growth of 
Listeria monocytogenes at 
refrigeration temperatures. 
J Appl Bacteriol 68: 157-
162. 
Ward, T. J., Ducey, T. F., Usgaard, 
T., Dunn, K. A. & Bielawski, 
J. P. (2008) Multilocus 
genotyping assays for single 
nucleotide polymorphism-
based subtyping of Listeria 
monocytogenes isolates. 
Appl Environ Microbiol 74: 
7629-7642. 
Ward, T. J., Gorski, L., Borucki, M. 
K., Mandrell, R. E., 
Hutchins, J. & Pupedis, K. 
(2004) Intraspecific 
phylogeny and lineage 
group identification based 
on the prfA virulence gene 
cluster of Listeria 
monocytogenes. J Bacteriol 
186: 4994-5002. 
Warrens, A. N., Jones, M. D. & 
Lechler, R. I. (1997) Splicing 
by overlap extension by PCR 
using asymmetric 
amplification: an improved 
technique for the generation 
of hybrid proteins of 
immunological interest. 
Gene 186: 29-35. 
Wawrzynow, A., Banecki, B. & 
Zylicz, M. (1996) The Clp 
ATPases define a novel class 
of molecular chaperones. 
Mol Microbiol 21: 895-899. 
Weis, J. & Seeliger, H. P. R. (1975) 
Incidence of Listeria 
monocytogenes in nature. 
Appl Microbiol 30: 29-32. 
Weiss, V., Kramer, G., Dünnebier, 
T. & Flotho, A. (2002) 
Mechanism of regulation of 
the bifunctional histidine 
kinase NtrB in Escherichia 
coli. J Mol Microbiol 
Biotechnol 4: 229-233. 
Weller, D., Andrus, A., Wiedmann, 
M. & den Bakker, H. C. 
(2015) Listeria booriae sp. 
nov. and Listeria 
newyorkensis sp. nov., from 
food processing 
 111 
environments in the USA. 
Int J Syst Evol Microbiol 
65: 286-292. 
Welshimer, H. J. & Meredith, A. L. 
(1971) Listeria murrayi. sp. 
n.: a nitrate-reducing 
mannitol-fermenting 
Listeria. Int J Syst Evol 
Microbiol 21: 3-7. 
Wemekamp-Kamphuis, H. H., 
Sleator, R. D., Wouters, J. 
A., Hill, C. & Abee, T. 
(2004a) Molecular and 
physiological analysis of the 
role of osmolyte 
transporters BetL, Gbu, and 
OpuC in growth of Listeria 
monocytogenes at low 
temperatures. Appl Environ 
Microbiol 70: 2912-2918. 
Wemekamp-Kamphuis, H. H., 
Wouters, J. A., de Leeuw, P. 
P., Hain, T., Chakraborty, T. 
& Abee, T. (2004b) 
Identification of sigma 
factor σB-controlled genes 
and their impact on acid 
stress, high hydrostatic 
pressure, and freeze survival 
in Listeria monocytogenes 
EGD-e. Appl Environ 
Microbiol 70: 3457-3466. 
West, A. H. & Stock, A. M. (2001) 
Histidine kinases and 
response regulator proteins 
in two-component signaling 
systems. Trends Biochem 
Sci 26: 369-376. 
Wiedmann, M., Arvik, T. J., 
Hurley, R. J. & Boor, K. J. 
(1998) General stress 
transcription factor σB and 
its role in acid tolerance and 
virulence of Listeria 
monocytogenes. J Bacteriol 
180: 3650-3656. 
Wiedmann, M., Bruce, J. L., 
Keating, C., Johnson, A. E., 
Mcdonough, P. L. & Batt, C. 
A. (1997) Ribotypes and 
virulence gene 
polymorphisms suggest 
three distinct Listeria 
monocytogenes lineages 
with differences in 
pathogenic potential. Infect 
Immun 65: 2707-2716. 
Wiedmann, M., Bruce, J. L., Knorr, 
R., Bodis, M., Cole, E. M., 
McDowell, C. I., 
McDonough, P. L. & Batt, C. 
A. (1996) Ribotype diversity 
of Listeria monocytogenes 
strains associated with 
outbreaks of listeriosis in 
ruminants. J Clin Microbiol 
34: 1086-1090. 
Wilesmith, J. W. & Gitter, M. 
(1986) Epidemiology of 
ovine listeriosis in Great 
Britain. Vet Rec 119: 467-
470. 
Wilkins, P. O., Bourgeois, R. & 
Murray, R. G. E. (1972) 
Psychrotrophic properties 
of Listeria monocytogenes. 
Can J Microbiol 18: 543-
551. 
Williams, T., Bauer, S., Beier, D. & 
Kuhn, M. (2005a) 
Construction and 
characterization of Listeria 
monocytogenes mutants 
with in-frame deletions in 
the response regulator 
genes identified in the 
genome sequence. Infect 
Immun 73: 3152-3159. 
Williams, T., Joseph, B., Beier, D., 
Goebel, W. & Kuhn, M. 
(2005b) Response regulator 
DegU of Listeria 
monocytogenes regulates 
the expression of flagella-
specific genes. FEMS 
Microbiol Lett 252: 287-
298. 
Wilson, R. L., Brown, L. L., 
Kirkwood-Watts, D., 
Warren, T. K., Lund, S. A., 
King, D. S., Jones, K. F. & 
Hruby, D. E. (2006) 
Listeria monocytogenes 
10403S HtrA is necessary 
for resistance to cellular 
stress and virulence. Infect 
Immun 74: 765-768. 
Wonderling, L. D., Wilkinson, B. J. 
& Bayles, D. O. (2004) The 
htrA (degP) gene of Listeria 
monocytogenes 10403S is 
 112 
essential for optimal growth 
under stress conditions. 
Appl Environ Microbiol 70: 
1935-1943. 
Wright, E., Neethirajan, S., 
Warriner, K., Retterer, S. & 
Srijanto, B. (2014) Single 
cell swimming dynamics of 
Listeria monocytogenes 
using a nanoporous 
microfluidic platform. Lab 
Chip 14: 938-946. 
Wuichet, K., Cantwell, B. J. & 
Zhulin, I. B. (2010) 
Evolution and phyletic 
distribution of two-
component signal 
transduction systems. Curr 
Opin Microbiol 13: 219-225. 
Xu, D., Li, Y., Zahid, M. S. H., 
Yamasaki, S., Shi, L., Li, J.-
R. & Yan, H. (2014) 
Benzalkonium chloride and 
heavy-metal tolerance in 
Listeria monocytogenes 
from retail foods. Int J Food 
Microbiol 190: 24-30. 
Yates, C. M., Shaw, D. J., Roe, A. 
J., Woolhouse, M. E. J. & 
Amyes, S. G. B. (2006) 
Enhancement of bacterial 
competitive fitness by 
apramycin resistance 
plasmids from non-
pathogenic Escherichia coli. 
Biol Lett 2: 463-465. 
Yu, T., Jiang, X., Zhang, Y., Ji, S., 
Gao, W. & Shi, L. (2018) 
Effect of benzalkonium 
chloride adaptation on 
sensitivity to antimicrobial 
agents and tolerance to 
environmental stresses in 
Listeria monocytogenes. 
Front Microbiol 9: 2906. 
Zetzmann, M., Sánchez-Kopper, 
A., Waidmann, M. S., 
Blombach, B. & Riedel, C. 
U. (2016) Identification of 
the agr peptide of Listeria 
monocytogenes. Front 
Microbiol 7: 989. 
Zhang, H., Hu, Y., Zhou, C., Yang, 
Z., Wu, L., Zhu, M., Bao, H., 
Zhou, Y., Pang, M., Wang, 
R. & Zhou, X. (2018) Stress 
resistance, motility and 
biofilm formation mediated 
by a 25kb plasmid 
pLMSZ08 in Listeria 
monocytogenes. Food 
Control 94: 345-352. 
Zhou, Y., Liang, Y., Lynch, K. H., 
Dennis, J. J. & Wishart, D. 
S. (2011) PHAST: a fast 
phage search tool. Nucleic 
Acids Res 39: W347-W352. 
Zilberstein, D., Agmon, V., 
Schuldiner, S. & Padan, E. 
(1984) Escherichia coli 
intracellular pH, membrane 
potential, and cell growth. J 
Bacteriol 158: 246-252. 
Zschiedrich, C. P., Keidel, V. & 
Szurmant, H. (2016) 
Molecular mechanisms of 
two-component signal 
transduction. J Mol Biol 
428: 3752-3775. 
Zuber, U. & Schumann, W. (1994) 
CIRCE, a novel heat shock 
element involved in 
regulation of heat shock 
operon dnaK of Bacillus 
subtilis. J Bacteriol 176: 
1359-1363. 
 
